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THIN-FILM  ACOUSTO-OPTIC  SURFACF.  ' ,’AVE  INTERACTIONS  AND  DEVICES 

Prof.  Chen  S.  Tsai,  Principal  Investigator 
Department  of  Electrical  Engineering 
Carnegie-Mellon  University 
Pittsburgh,  Pa.  15213 

I.  INTRODUCTION 

In  this  final  report  major  research  progress  and  findings  which 
have  been  made  on  the  contract  entitled,  "Thin-Film  Acousto-Optic 
Surface  Wave  Interactions  and  Devices",  (N00014-67-A-0314-0020  and 
N00014-75-C-0948)  are  described.  The  overall  objectives  of  this 
investigation  are:  (1)  to  study  the  diffraction  phenomena  of  mul- 

tiple surface  acoustic  waves  in  both  isotropic  and  anisotropic  sub- 
strates and  the  thin-film  (guided-wave)  acousto-optic  interactions, 
and  the  related  new  devices,  (2)  to  establish  the  design  constraints 
and  criteria  of  the  related  devices,  and  (3)  to  explore  the  potential 
applications  of  the  related  devices.  The  specific  topics  which  have 
been  investigated  include: 

(1)  surface  acoustic  waves  (SAW)  from  plane  array  transducer, 

(2)  surface  acoustic  waves  from  stepped  array  transducer, 

(3)  guided-wave  acousto-optic  bragg-dif fraction  from  a single 
SAW, 

(5)  guided-wave  acousto-optic  bragg-dif fraction  from  two  - 
tilted  SAWs, 

(5)  guided-wave  acousto-optic  bragg-dif fraction  by  an  N-SAW 
array-general  case, 

(6)  guided-wave  acousto-optic  bragg-dif fraction  from  multiple 
tilted  SAWs-cxperimental  results, 

(7)  guided-wave  acousto-optic  bragg-dif fraction  from  phased  SAWs, 

(8)  wideband  applications  using  guided-wave  acousto-optic  bragg 
devices. 

The  objectives  of  this  contract  have  been  achieved. 
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PART  I 

MULTIPLE  SURFACE  ACOUSTIC  WAVE 
DIFFRACTION  PHENOMENA  AND  DEVICES 


Most  of  the  Surface  Acoustic  Wave  (SAW)  applications  for  radar 
signal  processing  involve  interdigital  array  transducers  of  the  type  in 
which  variable  pitches  are  implemented  along  the  acoustic  propagation  path  (1). 
Although  several  possible  applications  have  been  suggested  for  a second  type 
of  array  transducers  in  which  a number  of  interdigital  transducers  are  placed 
side  by  side  in  a direction  perpendicular  to  the  acoustic  propagation  path, 
relatively  little  experimental  work  involving  this  type  of  array  transducer 
(henceforth  called  the  transverse  array  transducers)  has  been  reported  (2). 

We  have  fabricated  transverse  array  transducers  in  which  the  aperture  of  the 
element  transducer  and  the  separation  between  adjacent  element  transducers 
are  only  a few  acoustic  wavelengths  on  PZT  and  Y-cut  LiNbO^  substrates.  This 
transverse  array  transducer  has  two  versions,  namely,  the  plane  array  and  the 
stepped  array.  We  have  studied  the  diffraction  pattern  and  its  electronic 
scanning  of  the  resultant  acoustic  beam  from  such  array  transducers.  Two 
types  of  electronic  scanning,  namely,  the  phase  and  frequency  scanning  have 
been  investigated.  Phase  and  frequency  scanning  of  the  acoustic  beam  were 
achieved  by  varying  the  phase  slope  and  the  frequency,  respectively,  of  the 
rf  excitations  to  the  appropriate  array  transducers. 

The  results  show  that  for  a limited  angular  scan  as  the  one  con- 
sidered in  this  study  the  diffraction  patterns  and  their  phase  and  frequency 
scanning  may  be  described,  to  a large  degree,  in  terms  of  the  phased-and 
frequency-scanning  array  antenna  theory  with  some  modifications.  Some 
applications  with  both  types  of  array  transducers  are  described.  In  particu-  ,, 
lar,  the  stepped  array  transducer  is  shown  to  have  several  immediate  applica- 
tions in  connection  with  wideband  guided-light  beam  deflection. 
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II.  SURFACE  ACOUSTIC  WAVES  FROM  PLANE  ARRAY  TRANSDUCER 

A.  Phase  Scanning  of  the  SAW  Array  on  Isotropic  Substrate 

Experiments  have  been  carried  out  using  multi-element  array 
transducer  configurations  such  as  the  one  shown  in  the  insert  in  Figure  2. 

The  array  transducers  were  fabricated  on  the  isotropic  piezoelectric  sub- 
strate of  PET  ceramics  and  consist  of  two  to  eight  elements  operating  at 
5.5-7  MHz,  but  only  the  results  for  the  two-  and  six-element  arrays  are 
presented  in  this  report.  For  the  5.5  MHz  two-element  array  the  element 
transducer  aperture  and  the  separation  between  them  are,  respectively,  1.2 
and  2.4  mm,  corresponding  to  three  and  six  acoustic  wavelengths.  For  the 
7 MHz  six-element  array  they  are,  respectively,  0.47  and  0.94  mm,  corres- 
ponding to  one  and  a half  and  three  acoustic  wavelengths.  Individual  trans- 
ducer elements  were  rf  excited  with  a variable  phase  shifter  between  adjacent 
elements.  The  interference  patterns  and  their  electronic  phase  scanning  were 
probed  by  measuring  the  piezoelectric  field  accompanying  the  acoustic  field 
using  a tungsten  probe  (6) . The  results  are  shown  in  Figures  1 and  2.  The 
interference  pattern  as  shown  in  Fig.  1 agrees  very  well  with  that  of  a 
one-dimensional  double-slit  in  optics  (7).  A slight  irregularity  in  the 
experimental  data  is  believed  to  be  due  to  the  nonideal  surface  condition 
of  the  PET  in  which  an  aggregate  of  pits  up  to  30ym  size  was  observed.  In 
Fig.  2 the  calculated  diffraction  patterns  for  an  isotropic  linear  micro- 
wave  phased-array  antenna  using  the  well  known  formula  (8)  are  also  shown. 
This  formula  is  given  in  Equation  (1) 


sin/ it  a sin 


JL2.  sin(Q) 
A 


|^irN^j(sin  (0)  - sin  (0Q)) 

( a) (sin  (0)  - sin  (QQ))j 


TABLE  I.  Comparison  between  experimental  and  theoretical  results. 


PHASED-ARRAY  PARAMETERS 

THEORETICAL  RESULTS 

DECREE  OF  AGREEMENT 

Rayleigh  Beam  Width  of  the 

Ma in-Lobe 

A/Nd 

Very  Good 

Phase-Shift  Required  Per 

Scanned  Beam  Width  Position  tf> 

2tt/N 

Very  Good 

Scannable  Bea.u  Width  Positions 

N 

Very  Good 

Side-Lobe  Strength 

(*) 

Fair 

A = wavelength;  N = number  of  array  elements;  and  d = separation 
between  elements. 


where : 

1(0)  = far-field  diffraction  pattern 
a = aperture  of  element  transducer 
A = wavelength  of  the  surface  acoustic  wave 
0 = angle  of  the  far-field  point  measured  from  the  boreside 
direction  of  the  linear  array 
N = number  of  array  elements 
d = separation  between  adjacent  elements 
$ = phase  shift  between  adjacent  elements 

sin  0 = ( ^o ) | A \ 

' 2tt  / ' d ' 

The  degree  of  agreement  between  the  experimental  and  the  calculated  results 
is  indicated  in  Table  j.  It  is  seen  that  the  experimental  results  agree  well 
with  the  calculated  values  with  regard  to  the  beam  width  and  the  positions  of 
the  main  and  side  lobes.  However,  it  is  noted  that  the  measured  side  lobe 
strength  for  the  six-element  array  is  substantially  larger  than  that  of  the 
calculated  value.  This  disagreement  is  believed  to  be  due  to  the  unequal 
acoustic  waves,  both  in  amplitude  and  phase,  being  generated  in  each  element 
transducer  resulting  from  the  coupling  among  the  element  transducers.  A 
detailed  measurement  of  this  coupling  effect  in  conjunction  with  the  stepped 
array  transducer  will  be  given  in  Section  III. A. 

Finally,  it  should  be  noted  that  as  a result  of  their  excessive 
acoustic  losses  P7,T  ceramics  are  not  the  best  materials  for  phase  scanning 


devices  operating  at  frequencies  much  higher  than  7 MHz.  Phase  scanning 
experiments  at  higher  frequencies  may  utilize  materials  such  as  ZnO  and  CdS 
in  their  basal  plane  for  a large  angular  scan  and  materials  such  as  LiNbO^ 
and  Y-cut  quartz  for  a limited  angular  scan. 

B.  Processing  of  Phased-Array  Antenna  Signals  Using  a Plane  SAW 
Array  Transducer 

The  experimental  results  have  indicated  that  the  diffraction 
phenomena  and  the  phase  scanning  properties  of  surface  acoustic  waves  on  an 
isotropic  substrate  from  a plane  array  transducer  closely  resemble  that  of  an 
isotropic  linear  electromagnetic  phased  array.  Consequently,  such  an  array 
transducer  may  be  employed  to  create  a replica  of  the  diffraction  pattern  of 
a linear  receiving  phased-array  antenna,  in  addition  to  its  obvious  applica- 
tion as  an  acoustic  beam  scanner.  The  receiving  antenna  diffraction  pattern 
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Fig.  1 Interference  Pattern  of  the  Surface  Acoustic  Waves  from  a Two- 
Klement  Phased-Array  Transducer  (Frequency  = 5.5  MHz,  a = 3.14 
Wavelength,  dg  = 6.23  Wavelength,  the  phase  shift  between  the 
excitations  to  the  Two  Transducers  is  180°  for  the  Upper  Plot.) 
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2 Phase-scanning  of  Surface  Acoustic  Array  (Frequency  = 7.1  MHz, 
Aperture  of  Element  Transducer  = 1.5  Wavelength,  Separation  of 
Adjacent  Element  Transducers  = 1.0  Wavelength)  Number  of  Element 
Transducers  = 6,  di  = Phase  Shift  between  Adjacent  Elements. 
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can  be  reconstructed  by  simply  applying,  one  to  one,  the  outputs  of  the 
antenna  elements  to  the  transducer  elements.  It  follows  that  such  an 
array  transducer  can  be  used  as  a signal  processor  for  a linear  receiving 
phased-array  antenna  requiring  no  phase  shifters  or  delay  lines  the  way 
conventional  signal  processors  do.  First,  the  basic  relations  which  indicate 
the  acoustic  reconstruction  of  the  beam  pattern  of  the  electromagnetic  array 
antenna  are  derived,  to  be  followed  by  a description  of  a possible  configura- 
tion for  the  proposed  signal  processor  and  its  distinct  advantages. 

1.  Acoustic  Reconstruction  of  the  Beam  Pattern  of  a Linear  Electro- 
magnetic Receiving  Array  Antenna 

Consider  a linear  electromagnetic  receiving  array  antenna  and  a 
plane  SAW  array  transducer  each  having  N identical  elements.  The  outputs  of 
the  antenna  elements  are  applied  to  the  transducer  elements  in  the  manner 
just  described  (see  Fig.  3). 

Rewriting  Eq  . (1),  the  far-field  beam  patterns  of  the  electro- 

magnetic wave  and  surface  acoustic  wave  arrays  are  given  as  follows 


Kep 


. ' ira< 

sin.  i 

sin  (0.) 

\ Ai 

1 

( 

\ 

\ 

i ~ sin 

LV  Ai 

(0£)  ; 

sin  (0^  - sin(0Ql))j 


(sin  (0i)  - sin  (©ol)Jfl 


where  the  first  factor  is  called  the  element  factor  and  the  second  factor  is 
the  array  factor.  The  subscript  i designates  e for  the  electromagnetic  wave 
array  and  s for  the  SAW  array,  e.g.,  an  and  a^  designate,  respectively,  the 
aperture  of  the  element  of  the  electromagnetic  wave  array  and  the  SAW  array. 

When  a target  signal  from  a direction  Gg  is  received  by  the  electro- 
magnetic wave  array  the  phase  shift  between  adjacent  elements  (J>Qe  is  given  by 
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Since  this  same  phase  shift  is  carried  over  to  the  SAW  array  we  have  <f>  = 

os 

<t>oe.  The  far-field  beam  pattern  of  the  SAW  array  is  obtained  by  substituting 

<J>  into  Eq . (2).  Thus  we  have 
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It  is  immediately  clear  that  for  a phase  shift  0og  = 0Qe  correspond- 
ing to  a target  direction  0^  the  main  lobe  of  the  resulting  SAW  beam  pattern 
is  scanned  by  an  angle  0g  given  by  the  following  relation 

sin  (0  ) = ( e/A e ) sin  (0e>  ^ 

( ds/As) 

From  Eq  . (r.\  we  see  that  0=0  when  d /A  = d / A , namely,  the  angular 
scan  of  the  SAW  beam  is  identical  to  that  of  the  electromagnetic  wave  when  the 
separation  between  adjacent  element  transducers  in  acoustic  wavelength  is 
identical  to  that  between  adjacent  antenna  elements  in  electromagnetic  wave- 
length. Also,  0g  > 0g  when  dg/Ag  < dg/Ag  and  0g  < 0g  when  dg/Ag  > d^  /Ag> 

Just  as  in  many  scanning  devices  it  is  the  number  of  resolvable  beam 

widths  (not  the  scanning  angle)  which  is  of  real  importance.  We  recall  from 

the  basic  relations  of  the  phased-array  antenna  given  in  Table  j that  the 

total  number  of  scannable  beam  width  positions  between  adjacent  grating  lobes 

is  identical  to  the  number  of  array  elements  N,  independent  of  the  separation 

of  adjacent  array  elements.  Thus,  d / A for  the  SAW  array  need  not  be  in  the 

s s 

order  of  unity  or  smaller  as  the  electromagnetic  array  does.  This  is  a very 
important  consideration  for  the  design  of  a SAW  array  because  the  wavelength 
of  the  acoustic  wave  is  smaller  than  that  of  the  electromagnetic  wave  by  a 
factor  of  approximately  10^  and  also  because  many  SAW  materials  are  acousti- 
cally anisotropic  and,  therefore,  only  a relatively  small  angular  range 
along  certain  directions  may  be  considered  isotropic  or  approximately  isotropic. 
From  Equation  (4)  the  angular  scan  of  the  + m^  grating  lobes  may 

be  determined  by  the  equation  ir(d  /A  ) sin  (0  ) - rr(d  /A  ) sin  (0  ) = + mir , 

ss  s ee  c — 

where  m is  an  integer.  In  the  proposed  SAW  signal  processor  to  be  described 
in  the  following  subsection  only  the  main  lobe  will  be  utilized.  For  this 
purpose  the  aperture  of  the  element  transducer  ag  must  be  properly  chosen  so 
that  the  strengths  of  the  grating  lobes  are  substantially  smaller  than  that 
of  the  main  lobe. 
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FiR.  3 Reconstruction  of  the  Ream  Pattern  of  a Linear  Electromagnetic 
Phased-Array  Antenna  Using  a Surface  Acoustic  ’'Lave  Plane  Array 
Transducer . 
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2.  Surface  Acoustic  Wave  Signal  Processor  with  No  Phase  Shifters 

In  one  form  of  such  a signal  processor,  a number  of  output  trans- 
ducers (equal  to  N for  an  array  antenna  and  the  corresponding  array  trans- 
ducer of  N elements)  are  placed  along  a certain  circumference  at  a far-field 
location  of  the  acoustic  beam.  The  aperture  size  of  each  output  transducer 
is  determined  by  the  beam  width  of  the  diffraction  pattern.  An  acoustic  lens 
may  also  be  incorporated  to  bring  the  far-field  diffraction  pattern  to  a more 
convenient  location.  Such  a signal  processor  is  capable  of  forming  N resolva- 
ble target  signals  simultaneously  without  requiring  any  phase-shifter  or  delay 
line.  It  should  be  noted  that  for  a conventional  signal  processor  N phase 

shifters  or  delay  lines  are  required  to  form  N target  signals  sequentially  in 

2 

an  N-element  linear  phased-array  antenna,  and  for  simultaneous  processing  N 
phase  shifters  or  delay  lines  are  required  (9).  As  a result,  the  conventional 
signal  processing  technique  is  complicated  and  expensive  when  N is  large. 

Thus,  in  addition  to  its  obvious  application  for  acoustic  beam  scanning,  the 
array  transducer  described  above  is  useful  as  a signal  processor,  requiring 
no  phase  shifter  or  delay  lines,  for  sonars  and  electromagnetic  phased-array 
antenna  applications.  The  distinct  advantages  of  the  proposed  acoustic  sur- 
face wave  signal  processor  over  the  conventional  signal  processor  are  its  low 
cost  in  addition  to  its  compactness,  small  size,  and  light  weight.  It  should 
be  noted  that  in  order  to  alleviate  the  limitation  of  acoustic  losses  the  pro- 
posed processor  may  process  the  target  signals  at  a convenient  intermediate 
frequency  by  down-conversion  and  heterodynning  as  conventional  processors  do. 


III.  SURFACE  ACOUSTIC  WAVES  FROM  STEPPED  ARRAY  TRANSDUCER 

Multi-element  array  transducer  configurations  such  as  the  one 


shown  in  Figure  4 were  fabricated  on  the  isotropic  substrate  of  P7,T  ceramics 
and  the  anisotropic  substrate  of  Y-cut  + 21.8°  propagating  LiNbO^  but  only 
the  results  for  the  latter  are  given  here.  For  the  68  MHz  four-element  array 
the  aperture  of  the  element  transducer  and  the  separation  between  adjacent 
element  transducers  are,  respectively,  three  and  four  acoustic  wavelengths, 
corresponding  to  150  and  200  u.  Each  element  transducer  has  five  finger 
pairs  and  thus  has  a bandwidth  of  approximately  207.  To  demonstrate  the 
frequency  scanning  of  this  array  transducer  the  conducting  pads  we re  connected 
in  such  a way  that  the  four-element  transducers  were  driven  in  parallel  and 
adjacent  element  transducers  were  driven  opposite  phase.  The  diffraction 
pattern  of  individual  element  transducers  and  the  interference  pattern  of  the 
array  transducer  and  its  electronic  scanning  were  obtained  by  measuring  the 
intensity  of  the  first-order  diffracted  light  using  a scannable  laser  light 
probe  (10). 

A.  Near-  and  Far-Field  Diffraction  Patterns  of  Element  Transducer  and 

the  Coupling  Between  Element  Transducers 

Diffraction  and  beam  steering  of  surface  acoustic  waves  generated  by 
a single  interdigital  transducer  of  relatively  large  aperture,  on  an  aniso- 
tropic substrate,  has  been  rather  extensively  studied  in  recent  years  (11-15). 
One  of  the  conclusions  of  the  studies  is  that  as  a esult  of  the  acoustic 
anisotropy  the  diffraction  spreading  of  an  acoustic  beam  in  an  anisotropic 
substrate  is  (1  + y)  times  the  diffraction  spreading  in  an  isotropic  sub- 
strate. Here  y designates  an  anisotropy  parameter  and  is  equal  to  the  slope 
of  the  power  flow.  Thus,  depending  on  the  sign  of  y diffraction  spreading 
of  a surface  acoustic  beam  on  an  anisotropic  substrate  can  be  either  accen- 
tuated or  reduced  in  comparison  to  that  on  an  isotropic  substrate.  For  the 
substrate  of  a Y-cut  LiNbO^  plate  y is,  respectively,  -0.901  and  0.193  for 
a surface  acoustic  beam  propagating  along  the  z-axis  and  in  the  + 21.8® 
direction  from  the  z-axis  (15) . Thus  the  far-ficld  interference  patterns  of 
multi-element  SAW  arrays  can  be  generated  and  studied  at  a much  shorter  dis- 
tance from  the  array  transducer  with  propagation  along  the  + 21.8®  direction 
than  along  the  z-axis.  For  this  reason  stepped  array  transducers  were  fab- 
ricated along  the  + 21,8®  direction. 
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Since  one  of  the  purposes  of  this  study  is  to  determine  the 
maximum  angular  scan  achievable,  the  aperture  of  each  element  transducer, 
namely  three  acoustic  wavelengths,  was  chosen  considerably  smaller  than 
that  being  employed  by  other  investigators  so  that  the  beam  width  of  the 
element  factor  in  Eq  # (2)  could  be  sufficiently  large.  Consequently, 

it  was  also  of  interest  to  determine  if  the  diffraction  spreading  of  such 
a small  aperture  could  still  be  described  by  a single  y of  0.393.  Also, 
in  order  to  study  the  coupling  strength  among  the  element  transducers,  the 
gap  (inactive  region)  between  adjacent  element  transducers  was  chosen  as 
small  as  one  wavelength.  Coupling  can  arise  from  either  electrical  coupling 
by  radiation  and  capacitive  effects  or  acoustic  coupling. 

In  order  to  measure  the  near-  and  far-field  diffraction  patterns  of 
element  transducers  and  the  coupling  strength  between  element  transducers 
the  conducting  pads  of  the  element  transducers  were  connected  in  the  open- 
and  short-circuited  configurations  shown  in  the  insert  of  Figures  5 and  6. 

The  spot  size  of  the  laser  light  probe,  defined  between  the  half-power  points, 
was  about  30^ . The  results  are  shown  in  Figures  5 and  6.  From  the  plots 
we  find  that  the  measured  beam  width  of  the  far-field  diffraction  pattern 
agrees  with  the  calculated  value,  using  y = 0.393,  within  5%  and  that  the 
diffraction  pattern  carries  no  side  lobes.  Also,  from  the  near-field 
acoustic  intensity  distributions  it  was  found  that  in  both  open-  and  short- 
circuit  configurations  the  coupling  associated  with  the  middle  two  element 
transducers  was  considerably  stronger  than  that  with  the  end  element  trans- 
ducers. It  was  also  found  that  the  acoustic  field  from  the  four-element 
transducers  were  not  of  equal  strength,  the  if 3 element  transducer  being  the 
weakest.  The  reason  for  this  large  irregularity  was  traced  down  to  a de- 
graded conducting  pad  for  this  particular  element  transducer. 

From  the  experimental  data  on  the  coupling  strengths  and  an  exami- 
nation of  the  interdigital  electrode  configuration,  we  tentatively  conclude 
that  the  reason  for  the  excessive  coupling  with  the  middle  two  transducers 
but  not  the  two  end  transducers  is  the  usage  of  the  common-electrode  con- 
figuration (see  Figt  /*)  for  the  former.  Further  study  on  this  important 
coupling  problems  is  in  progress. 


Fip,.  5 Diffraction  Patterns  of  Element  Transducer  /(1  or  M at  f = 68  MHz 

(a)  Open-Circuited  Configurations 

(b)  Short-Circuited  Configurations 

(Horizontal  Scale:  1.0  mm  per  major  division) 


B.  Interference  Patterns  of  the  Pour-Element  Stepped  Array 

As  mentioned  previously,  in  order  to  demonstrate  frequency  scanning, 
the  element  transducers  were  driven  in  parallel  and  the  adjacent  element 
transducers  were  driven  in  opposite  phase.  Each  element  transducer  has  five 
interdigital  finger  pairs  and  has,  therefore,  a theoretical  acoustic  band- 
width of  approximately  20%.  The  measured  bandwidth  is  18%.  The  step  height 
between  adjacent  element  transducers  is  three  half  acoustic  wavelengths  at 
the  center  frequency  of  68  MHz. 

The  far-field  diffraction  patterns  which  were  taken  at  a distance 
of  one  inch  from  the  array  transducer  are  shown  in  Figure  7.  Note  that  the 
measured  beam  width  agrees  within  5%  of  the  calculated  value  for  an  array 
with  equal  amplitude  and  exactly  opposite  phase  between  adjacent  element 
transducers  but  the  side  lobe  strength  is  considerably  larger  than  the  cal- 
culated value  (not  shown) . This  discrepancy  is  believed  to  be  mainly  due  to 
the  unequal  acoustic  amplitude  for  each  element  transducer  and  a phase  shift 
other  than  180°  (henceforth  called  the  phase  deviation)  between  adjacent  ele- 
ment transducers — a result  of  coupling  among  element  transducers.  Based  on 
symmetry  considerations,  element  transducers  f>2  and  #3  should  have  identical 
phase  deviation.  The  same  is  true  for  element  transducers  #1  and  //4. 

To  verify  the  explanation  given  above,  computer  plots  for  the  diffrac 
tion  pattern  using  the  amplitudes  of  the  element  transducers  (as  determined 
from  the  measured  near-field  acoustic  intensity  profile)  and  a series  of 
assumed  phase  deviations  Aji  for  the  two  middle  transducers  in  comparison  to 
the  two  end  transducers  have  been  obtained.  Figure  7 shows  the  degree  of 
agreement  between  the  experimental  plot  and  the  computer  plot  with  an  assumed 
phase  deviation  of  30°  at  the  center  frequency  of  68  MHz.  The  relative 
amplitudes  for  the  element  transducers  #1,  2,  3,  and  4 are,  respectively, 

1.0,  0.6,  0.3,  and  0.9. 

C.  Frequency  Scanning  of  the  SAW  from  the  Four-Element  Stepped  Array 

The  derivation  given  below  follows  the  approach  commonly  employed 

for  frequency-scanning  linear  array  antennas  (16).  We  observe  that  the  step 
height  in  the  SAW  stepped  array  corresponds  to  the  incremental  transmission 
line  in  frequency-scanning  array  antennas.  Since  adjacent  element  trans- 
ducers of  the  stepped  array  studied  are  excited  in  opposite  phase  the  phase 
shift  between  adjacent  element  transducers  on  an  isotropic  substrate  4>  is 
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Fis.  7 Comparison  of  tho  Measured  and  Calculated  nif fraction  Patterns 
for  the  Four-Element  Stepped  Array  at  f = 68  MHz. 

(Horizontal  Scale:  1.0  mm  per  maior  division) 


■1 1- 


= 2ir  -r—  sin  (0  ) + 2tt  S + 
A s T~ 

s A 

s 


(6) 


or 


-(t( 


sin  (0  ) + 
s 


)+- 


where : 


dg  = separation  between  adjacent  element  transducers 


S = step  height  between  adjacent  element  transducers 


P(A  12) 
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P =integer 

ASu  k acoustic  wavelength  at  the  center  frequency  fn 


Ag  = acoustic  wavelength  at  the  frequency  f 


0g  = angle  of  the  far-field  point  measured  from  the  boreside 


direction  of  the  linear  array. 
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Using  Equation  (6)  the  maxima  of  the  m''“  grating  lobes  of  a stepped 
array  on  an  anisotropic  substrate  (characterized  by  the  anisotropic  parameter 
y)  are  given  by  the  following  expression. 


sin  (Q  ) = (1  + Y) 
sm 
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Note  that  for  the  stepped  array  transducer  being  studied  p = 3 (the  step 
height  S is  equal  to  three  half  acoustic  wavelengths  at  the  center  frequency) 


and  therefore  0 =0  for  m = 2 at  f 

so 


f . In  other  words,  the  second  grating 


lobe  is  peaked  at  the  forward  direction  at  the  center  frequency.  This  particu- 
lar grating  lobe  was  studied  in  the  frequency  scanning  experiment  to  be  des- 
cribed later. 

For  an  array  of  N elements  the  Rayleigh  beam  width  of  the  beam 
pattern,  60^^  is  given  by  (1  + y)Ys/Ndg.  Using  F.q  . (7)  the  number 
of  resolvable  beam  width  positions  R for  a frequency  tuning  of  A f=  f-  f 


can  he  easily  obtained.  For  the  case  in  which  0 is  sufficiently  small  so 

sm 

0gm  the  following  simplified  expression  for  R is  obtained 


that  sin  (0  ) 

sm 


1 


-i  q_ 


f 

A 1 

i 

R » (1  + Y)  (n  - ry)  ( ~~  - 1 ) 

so  / 
/ 

\ u + y)x  /?id  l 

„ , U Af 

= -IT  “ 2>  T 

(8) 

s / 

O 

Thus  the  fractional  frequency  tuning  required  for  the  scanning  of  one  Ravleigh 
bean  width  nosition  is 

A!L  1 (n) 

f H(2m-1)  K'} 

o 

For  the  stepped  array  transducer  being  studied  TJ  = 4 and  n = 2 as 

described  previously.  Thus,  (Af/f  ) required  for  the  scanning  of  one 

resolvable  bean  widtli  nosition  is  16. 6",  nane.lv  Af  = 11.3  MHz  with  f = 68  MHz. 

o 

Frequency  scanning  of  the  diffraction  pattern  is  illustrated  in  a 
series  of  plots  shown  in  Figure  8.  Fron  the  plots  the  frequency  tuning  far 
one  Rayleigh  beam  width  position  is  found  to  be  about  8 MHz  which  compares 
fairly  with  the  calculated  value  of  11.3  MHz. 

D.  Possible  Applications  of  the  Frequency  Scanning  Transducer  Array 
In  this  subsection  only  a few  immediate  applications  will  be 
discussed. 

1.  Electro-Acousto-Optic  Signal  Processor  for  Phased-Array  Antenna 
This  processor  consists  of  a plane  array  transducer  for  the 
generation  of  a multi-channel  SAMs  and  a laser  reflection  and  projection 
system  (17).  The  laser  beam  is  reflected  from  the  substrate  in  which  the 
multi-channel  SAW  propagates.  The  phased  signals  from  the  antenna  array 
elements  are  applied,  one  to  one,  to  the  array  transducer  elements.  From  the 
deflection  angle  of  the  first-order  diffracted  light  in  the  direction  of  the 
SAW  propagation  and  in  the  direction  orthogonal  to  it  the  frequency  and  angle 
of  arrival  of  the  target  signal  can  be  determined.  It  should  be  noted  that 
the  aperture  in  acoustic  wavelength  of  the  element  transducers  of  the  array 
transducer  studied  in  (17)  was  at  least  10  times  larger  than  that  of  the 
array  transducers  studied  here.  As  a result,  each  individual  acoustic  beam 
remained  collimated  at  the  acousto-optic  interaction  region  and  no  measurement 
of  the  far-ficld  diffraction  pattern  such  as  the  ones  presented  in  this  report 
(Section  III.B)  was  made. 


f =72  MHz 
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8 Frequency  Scanning  of  the  SAW  from  a Four— Element  Stepped  Army 
Ream  Patterns  Were  Taken  at  Hue  Inch  from  the  Array  Transducer. 
(Horizontal  Scale:  1.0  mn  per  major  scale,  corresponding  to  an 

angular  scan  of  2.1°) 
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2.  Acoustic  Spectrum  Analyzer 

• | 

The  frequency  scanning  array  transducer  may  be  utilized  for  spectrum 
analysis  for  the  target  signals  without  employing  a light  beam  as  the  first 
application  does.  One  version  of  this  acoustic  spectrum  analyzer  may  take 
the  same  form  as  that  of  the  signal  processor  described  in  Section  II. R. 

Since  N frequency  channels  are  resolvable  with  an  array  transducer  of  N 
elements  a number  of  N output  transducers  are  placed  along  a circumference 
at  a far-field  location  of  the  acoustic  beam.  The  aperture  size  of  each 
output  transducer  is  determined  by  the  beam  width  of  the  diffraction  pattern. 

Finally,  the  frequency  resolution  is  inversely  proportional  to  N (see 
Equation  (9)). 

3.  Wideband  Guided-Light  Ream  Deflector  and  Acousto-optic 
Spectrum  Analyzer 

In  addition  to  its  use  as  an  acoustic  beam  scanner  the  frequency 
scanning  array  transducer  can  also  be  employed  to  achieve  wideband  light 
beam  deflection  in  thin  film  integrated  optics  systems.  This  is  possible 
because  scanning  of  the  acoustic  beam  enables  the  acoustic  beam  to  track 
the  Rragg  condition  and,  therefore,  make  efficient  diffraction  possible  for 
a wide  frequency  band  (18,  19).  It  has  been  pointed  out  that  the  control  of 
the  acoustic  beam  spread  in  thin-film  acousto-optic  beam  deflection  is  very 
important  in  order  to  reduce  competing  Rragg  processes  which  cause  unwanted 
effects  such  as  the  reduction  in  the  resolvable  spots  and  the  unwanted  modes 
switching  (20).  Thus,  the  shaping  and  steering  of  the  acoustic  beam  using 
the  stepped  array  will  certainly  provide  a very  useful  means  for  such  a 
desirable  control.  Ry  employing  the  beam  steering  technique  we  expect  to 
achieve  a large  number  of  resolvable  spots  at  a sufficiently  small  acoustic 
beam  spread  to  minimize  the  unwanted  effects  mentioned  above.  Rased  on  the 
same  argument  it  follows  that  the  efficiency  and  channel  capacity  of  a thin- 
film  acousto-optic,  spectrum  analyzer  may  be  improved  considerably  when  a 

\ 

frequency  scanning  array  transducer  is  employed  instead  of  a single  trans- 
ducer. A thin-film  acousto-optic  spectrum  analyzer  using  a single  trans- 
ducer has  been  suggested  (21).  We  have  demonstrated  experimentally  that  a 
wider  bandwidth  is  achievable  with  a thin-film  acousto-optic  beam  deflector 
which  employs  a two-element  array  transducer  fabricated  on  the  out-diffused 
optical  waveguide  of  a Y-cut  LiNbO_,  substrate  (22).  The  results  of  this 
study  and  other  related  studies  are  described  in  Part  II  of  this  report. 
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PART  II 

GUIDED  - WAVE  ACOUSTO-OPTIC  INTERACTIONS  AND  DEVICES 

Noncollinear , coplanar  acousto-optic  Bragg  interaction,  involving 
surface  acoustic  waves  (SAW)  and  p.uided-optical  waves  (Pip.  I),  has  been  a 
subject  of  considerable  interest  in  recent  years  (1-17),  Some  of  the  more 
obvious  advantages  of  the  related  guided-wave  A-0  Bragg  devices  over  their 
bulk-type  counterparts  are:  (1)  since  the  energies  of  both  the  guided- 

optical  waves  and  the  SAWs  are  concentrated  in  a thin  layer  and  also  since 
both  waves  spread  (by  diffraction)  only  in  one  dimension,  less  RF  drive  power 
is  required  to  achieve  a high  diffraction  efficiency  with  the  guided-wave 
devices,  (2)  the  dispersion  properties  of  both  the  guidcd-light  waves  and 
the  SAWs  enable  the  phase  matching  conditions  to  be  fulfilled  for  a wider 
range  of  acoustic  frequency  and,  therefore,  a wider  device  bandwidth  is 
t inherent  with  guided-wave  devices,  (3)  guided-wave  devices  have  smaller  size 
and  lighter  weight,  and  have  less  critical  isolation  and  alignment  problems, 

(4)  there  exists  a good  possibility  for  batch  fabrication  of  the  guided-wave 
devices  and  thus  for  a great  reduction  in  cost,  and  (5)  as  a result  of  their 
planar  configuration  the  guided-wave  devices  are  easier  to  fabricate  and  are 
more  compatible  with  future  f iber/integrated  optic  systems.  Indeed,  very 
efficient  diffraction  has  been  demonstrated  in  recent  experiments  using  Y-cut 
LiNbO.  waveguiding  layers  (5,  11-14).  For  example,  a diffraction  efficiency  of 
85%  and  a -3db  bandwidth  of  100  MHz,  requiring  only  190-mw  electric  drive  power, 
have  been  demonstrated  using  a single  SAW  of  180-ffllz  center  frequency  (14).  This 
efficient  interaction  results,  not  only  from  the  fact  that  the  frequency  range 
of  the  SAW  may  be  chosen  to  achieve  a good  matching  between  optical  confinement 
and  the  SAW  penetration  depth,  but  also  from  the  fact  that  the  electro-optic 
effect  arising  from  the  intense  piezoelectric  field,  which  accompanies  the  SAW, 
can  enhance  the  interaction  in  the  Y-cut  EiNbO^  substrate  (18).  s 

However,  for  many  potential  applications  involving  guided-wave  A-0 
devices  bandwidth  is  the  most  important  device  characteristic,  particularly  for 
a number  of  anticipated  wideband  applications  to  be  discussed  later  in  this 
report.  For  example,  in  beam  deflection  and  switching  applications  the  wider 
the  device  bandwidth,  the  larger  will  be  the  number  of  scannahle  spot  diameters 
and  tiic  faster  will  be  the  switching  speed  of  the  deflected  light  beam.  Band- 
uidth  of  a guided-wave  acousto-optic  Bragg  device  is  limited  by  both  the 
acoustic  bandwidth  of  the  SAW  transducer  and  the  Bragg  bandwidth. 
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Fip.  1 Guided-T,ave  Acousto-optic  Frapp-Dif fraction  ^rom  A Single 
Surface  Acoustic  X’ave. 
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The  first  inherent  limitation  of  guided-wave  A-0  devices  which  employ  a 
single  interdigital  transducer  and,  thus,  a single  SAW  is  their  relatively 
small  acoustic  bandwidth.  This  limitation  results  from  the  fact  that  the 
fractional  acoustic  bandwidth  is  inversely  proportional  to  the  number  of 
finger  electrode  pairs  while  the  electric-acoustic  conversion  efficiency 
is  proportional  to  the  number  of  finger  electrode  pairs  squared  (19). 

It  follows  that  a balance  between  the  fractional  acoustic  bandwidth  and 
the  electric-acoustic  conversion  efficiency  will  automatically  limit  the 
former  to  a relatively  small  value. 

With  regard  to  the  second  inherent  limitation  on  the  device  band- 
width, it  is  observed  that  unlike  bulk-type  devices  (20),  the  Bragg  band- 
width of  guided-wave  devices  is  not  only  limited  by  the  acoustic  center 
frequency,  the  acoustic  bandwidth,  and  the  aperture  of  the  RAW,  but  also 
depends  on  the  diffraction  efficiency  of  the  device  and  the  optical  modes 
involved  (14).  While  this  dependence  for  the  devices  which  employ  Y-cut 
LiNbO^  substrate  is  presented  in  this  report,  it  suffices  to  point  out  here 
that  in  order  to  realize  a large  Bragg  bandwidth  (assuming  an  acoustic  band- 
width sufficiently  larger  than  the  Bragg  bandwidth)  the  aperture  of  the  single 
SAW  must  be  chosen  very  small.  This  requirement  in  turn  results  in  a drastic 
decrease  in  diffraction  efficiency.  Under  such  an  unfavorable  condition  a 
device  with  both  large  diffraction  efficiency  and  large  bandwidth  requires  a 
large  rf  drive  power  which  may  easily  result  in  the  failure  of  the  inter- 
digital transducer.  Thus,  it  can  be  concluded  that  diffraction  efficiency- 
bandwidth  product  of  a guided-wave  A-0  device  using  a single  SAW  is  rather 
limited. 

In  this  study,  we  have  experimented  with  two  device  configurations 
utilizing  multiple  SAWs,  mainly,  tilted  (11-14)  and  phased  SAWs  (6,  10,  11), 
in  order  to  determine  their  bandwidth  capability.  The  first  device  configura- 
tion employs  multiple  interdigital  SAW  transducers  which  are  characterized  by 
staggered  center  frequencies  and  propagation  axes  tilted  with  respect  to  each 
other.  It  is  clear  that  the  multiple  tilted  SAWs  generated  by  such  a trans- 
ducer array  can  be  made  to  satisfy  the  Bragg  condition  in  each  frequency  band 
and  thus  enable  a broad  composite  frequency  response  to  be  realized.  The 
second  device  configuration  is  characterized  by  multiple  interdigital  SAW 
transducers  of  identical  center  frequency  and  propagation  axis,  but  arranged 


-2  i- 


in  a stepped  configuration.  As  a result  of  the  step  height  a phase  shift 
is  introduced  between  adjacent  SAWs,  and  the  resultant  wavefront  can  be 
scanned  by  varying  the  acoustic  frequency,  as  described  in  Section  III. 

Scanning  of  the  wavefront  enables  a composite  acoustic  beam  of  large  aperture 
to  track  the  Bragg  condition  and,  therefore,  makes  efficient  diffraction 
possible  for  a relatively  wide  frequency  band.  Preliminary  experimental  re- 
sults have  borne  out  the  above  observations.  For  example,  by  employing  lust 
two  tilted  SAWs  on  a Y-cut  LiNbO^  out-diffused  waveguide,  a -3db  bandwidth  of 
200  MHz  with  50%  diffraction  efficiency  was  obtained,  requiring  a total  elec- 
tric drive  power  of  only  200  mw  (13).  Also,  by  employing  six-element  phased 
SAWs,  a -3db  bandwidth  of  110  MHz  with  50%  diffraction  efficiency  was  obtained, 
requiring  a total  electric  drive  power  of  only  68  mw  (21).  These  performance 
figures  greatly  exceed  that  obtained  in  previous  devices  which  employ  only  a 
single  SAW. 

In  this  report  theoretical  and  experimental  results  relating  the  two 
wideband  device  configuration  referred  to  above  are  described.  First,  the 
diffraction  efficiency  and  the  bandwidth  of  the  acousto-optic  Bragg  diffraction 
using  a single  SAW  in  a Y-cut  LiNbO^  out-diffused  optical  guiding  layer  are 
analyzed  in  detail.  The  methodology  for  numerical  computation  has  been  estab- 
lished to  calculate  the  diffraction  efficiency  and  the  bandwidth  as  a function 
of  the  optical  and  acoustic  parameters  such  as  the  penetration  depth  of  the 
guiding  layer,  waveguide  modes,  direction  of  propagation,  center  frequency  and 
aperture  of  the  SAW.  The  same  analytical  approach  and  numerical  computation 
methodology  are  then  applied  to  the  case  of  two  tilted  SAWs  and  finally  to  the 
case  of  N-tilted  and  phased  SAWs.  The  resultant  diffraction  efficiency  and 
the  bandwidth,  as  a function  of  various  device  parameters  such  as  the  center 
frequency  and  the  beam  aperture  of  the  individual  SAWs,  the  tilt  angle  and 
the  step  height  as  well  as  the  phase  shift  between  adjacent  SAWs,  and  the 
optical  waveguide  modes  involved  are  calculated.  Experiments  using  two  to 

\ 

four  tilted  SAWs  and  two  to  six-element  phased  SAWs  in  single-mode  Y-cut 
LiNbO^  out-diffused  waveguides  (22)  were  carried  out  to  verify  the  theoreti- 
cal predictions.  In  one  of  the  wideband  units  being  studied,  a device  band- 
width of  358  MHz  has  been  realized.  A bandwidth  of  358  MHz  enables  the  device 
to  deflect  a light  beam  of  1-cm  aperture  into  1000  resolvable  spot  diameters 
at  a random-access  switching  time  of  2.8  ys.  The  development  of  this  wide- 
band technique  has  paved  the  way  for  using  such  guided-wave  acousto-optic 
devices  for  a number  of  wideband  applications.  Experimental  demonstration 
of  four  applications  is  described  together  with  preliminary  performance  figures. 
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IV.  GUIDED-WAVE  ACOUSTO-OPTIC  BRAGG  ]' [FFRACTION  FROM  A SINGLE  SURFACE 
ACOUSTIC  WAVE 
A.  Coupled-Mode  Analysis 

We  have  employed  the  coupled-mode  approach  similar  to  that  employed 
by  Ohmachi  (3)  for  the  analysis  of  noncollinear , coplanar  Bragg  diffraction 
from  multiple-tilted  SAWs  (see  Figure  2).  It  should  be  noted,  however, 
that  while  a step-index  optical  wave-guide  is  considered  in  Reference  3,  a 
gradient-index  optical  waveguide  is  considered  in  this  study  as  Y-cut  LiNbO^ 
out-diffused  waveguiding  layers  (22)  were  utilized  in  the  devices  being 
studied.  As  a result,  the  numerical  computations  involved  are  considerably 
more  complicated.  It  is  also  to  be  noted  that  in  this  study  the  contribution 
to  the  interaction  from  the  electro-optic  effect  which  accompanies  the  SAW 
is  taken  into  account  because  this  contribution  is  important  in  LiNbO^  sub- 
strates. However,  the  contribution  from  the  surface  ripple  is  neglected  as 
it  is  small  compared  to  the  elasto-optic  and  the  electro-optic  contributions. 

Although  our  main  concern  is  with  the  interaction  configuration 
involving  multiple-tilted  SAWs,  we  shall  first  consider  the  one  involving 
only  a single  SAW  or,  equivalently,  the  interaction  configuration  involving 
the  first  SAW  of  multiple-tilted  SAWs  as  the  results  obtained  will  reveal 
the  key  device  parameters  as  well  as  the  limitations  of  the  devices  using  a 
single  SAW.  The  methodology  for  numerical  computation  which  is  developed 
for  the  case  involving  a single  SAW  can  be  conveniently  extended  to  the  case 
involving  two  or  more  tilted  SAWs.  Only  an  outline  of  the  analysis  and  some 
of  the  most  relevant  results  will  he  presented  in  this  report.  The  complete 
analysis  and  results  for  the  general  case  involving  any  number  of  tilted 
SAWs  will  be  published  elsewhere. 

Since  a Y-cut  LiNbO^  out-diffused  waveguide  can  support  only  TE 
modes  (22)>  we  assume  that  the  coplanar  Bragg  diffraction  involves  the  inter- 
actions among  the  incident  light  of  the  m TF,  mode,  the  diffracted  light  of 
the  n1"*'  TE  mode  and  a piezoelectric  SAW  propagating  in  the  z-direction  (sec 
Figure  1).  In  the  following  analysis  the  subscript  1 designates  the  quanti- 
ties relating  the  first  SAW.  The  corresponding  angles  of  incidence  and 

diffraction,  0 , and  0 , , measured  from  the  normal  to  the  acoustic  wave 
ml  nl 

vector  K^,  are  determined  not  only  by  the  optical  and  acoustic  wavelengths 

but  also  by  the  refractive  indices,  n , and  n , , for  the  m* ''  and  n' 
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modes 
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respectively  (3,  23).  Note  that  when  there  is  no  node  conversion  between 


the  diffracted  and  undiffracted  light  waves,  n,=m,  and  n , =n  ,,  and  thus  the 

11  nl  ml 


Bragg  condition  reduces  to  the  well  known  one  in  an  isotropic  medium  (20). 

Assuming  that  the  medium  is  lossless  both  optically  and  acoustically, 


the  corresponding  electric  fields  E , and  E , of  the  undiffracted  and  diffracted 

* mi  nl 


light  waves,  the  strain  field  S^  of  the  SAW  and  its  accompanying  piezoelectric 


field  E , can  be  written  as  follows: 
Pi 


Eml(x*y*Z’t)=]'/2Fml(x)Uml(v)RXP  1 (“B,l,:“kmlxX_kinlzz)  + C*C 


!nl(x,y,Z,t)‘1/2Enl(x)Inl(y)exp  K“nl t-k^x-k^z)  + C.C 


(la) 

(lb) 


S:  (y,z,t)=l/2SnUaI1(y)exp  j (l^t-J^z  + ^)  + C.C,  (1=1, 2, 3, 4, 5, 6)  (lc) 

(Id) 


Epl(y,z,t)=l/2EpilUpil(y)exp  j (Iljt-KjZ  + ^)  + C.C,  (i  = 1,2,3) 


where  E^(x)  and  E ^(x)  are  the  spatial  distribution  of  the  undiffracted  and 


diffracted  light  waves  to  be  determined:  ST,  and  E ,,  are  the 

II  pil 


components 

of  the  strain  field  and  its  accompanying  piezoelectric  field,  respectively, 
Um^(y),  U^^y),  Ual-^(y)  and  Upi^  are,  respectively,  the  normalized  field 
distribution  (along  the  waveguide  thickness)  of  the  light  waves,  the  acoustic 
wave  and  the  piezoelectric  field.  It  is  to  be  noted  that  for  simplicity  the 
subscripts  I and  i will  he  dropped  henceforth.  The  frequencies  of  the  light 
waves  and  the  acoustic  wave  are  designated  by  and  respectively, 

Similarly,  k^,  k^  and  designate  the  corresponding  wave  numbers  and  the 
suffixes  x and  z represent  the  x and  z components.  Finally,  <J>^  designates  the 
phase  of  the  SAW. 

When  Equations  (la),  (lb),  (lc)  and  (Id)  are  substituted  into  the 

wave  equation  for  the  electric  field  of  the  optical  waves  a set  of  coupled 

wave  equations  for  E . (x)  and  E , (x)  are  obtained.  These  coupled  wave  equa- 
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tions  are  then  readily  reduced  to  the  following  decoupled  form: 
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3Eml(x) 
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+ AlVml(x) 


(2a) 


rEnl(x) 
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3Enl(x) 
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+ W„1W 


(2b) 


From  Equations  (2a)  and  (2b)  general  solutions  for  E , (x)  and  F.  (x) 

ml  ni 

are  easily  found.  By  matching  the  boundary  conditions  E ^(0)  5 1 and 

E .(0)  e0  to  these  general  solutions,  the  electric  field  of  the  undiffracted 
ni 

and  diffracted  light  waves  at  the  output  of  the  interaction  region  (x  = L^) 
are  given  as  follows: 

Ejnl(L1)  = j cos(q^L^)-j  (K^A0^/2q^)  sin(q^L^)  j exp  j (^9^/2)  (2c) 

Enl(Ll}  = j(B1/q1)sin(q1L1)exp  .j  { -(KjABjI^/2)  + ^ j (2d) 

where 

q \ 5 (KjAO^)2  + A1B1  (2e) 
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p^  = relevant  photoelastic  constant  or  constants 
r^  = relevant  electro-optic  coefficient  or  coefficients 
c = velocity  of  light  in  free  space 
A0^  = deviation  of  the  incident  angle  from  the  Bragg  angle 

It  is  to  be  noted  that  the  input  boundary  values  to  an  adjacent  SAW 
in  the  case  with  multiple-tilted  SAWs  are  simply  those  given  by  Equations  (2c) 
and  (2d)  with  appropriate  phase  factors  added  to  account  for  the  propagation 
delay  between  the  two  SAWs. 

B.  Diffraction  Efficiency 

From  Equations  (2c)-(2g),  the  diffraction  efficiency  which  is  the 
ratio  of  the  diffracted  light  power  at  the  output  (x  = ) and  the  incident 

light  power  at  the  input  of  the  interaction  region  (x  = 0)  can  be  found: 
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Xo  = wavelength  of  the  incident  light  wave  in  free  space 
= aperture  of  the  SAW 

From  Equation  (3a)  it  is  seen  that  the  diffraction  efficiency  is  a 
2 

sensitive  function  of  P 2.nl*  the  so-called  overlap  integral  (1)  and  also 
that  dependence  on  the  material  parameters  differs  drastically  from  that  in 
bulk-type  acousto-optic  interactions  (20).  An  efficient  diffraction  can 
occur  only  when  the  confinement  of  the  undiffracted  and  diffracted  light 
waves  matches  the  penetration  depth  of  the  SAW'. 

Finally,  the  relationship  between  the  parameter  g^  and  the  total 
acoustic  power  are  shown  to  be  given  as  follows: 
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where  Re  designates  the  fact  that  only  the  real  part  is  to  be  taken;  e^ 

and  c^  are,  respectively,  the  relevant  piezoelectric  and  stiffness  constants; 

V * V , and  V designate  the  relevant  displacement  velocities.  T.t  is  to  be 
x y z 

noted  that  in  Equation  (3d)  the  piezoelectric  contribution  to  the  acoustic 
power  is  neglected  as  it  is  small  compared  with  the  strain  contribution. 
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For  the  case  with  the  SAW  prorogating  in  either  the  Z-direction  or 
the  21.8°  from  the  Z-axis  of  a Y-cut  LiNbO^  substrate  with  which  experiments 
have  been  carried  out  (Section  IV)  all  relevant  parameters  are  known  (24,25). 
Thus,  the  relative  contributions  to  the  diffraction  due  to  the  elasto-optic 
and  electro-optic  effects  (Fq.  (3c))  as  well  as  the  relationship  between 

O 

and  g^  (Kq.  (3e))  can  be  calculated  numerically. 

Numerical  calculation  of  the  relative  elasto-optic  and  electro-optic 
contributions  to  the  diffraction  has  been  carried  out  for  the  case  of  He-Ne 
laser  light  (0.6328  pm)  propagating  in  a Y-cut  LiNbO  out-diffused  optical 
guiding  layer.  The  relevant  SAW  propagation  parameters  are  taken  from 
Ref.  25.  For  example,  the  depth  dependence  of  the  strains  of  the  Z- 

propagating  SAW  and  the  accompanying  piezoelectric  field  have  been  calculated 
using  these  parameters  and  are  given  in  Figs.  3(a)  and  3(b),  respectively. 

Note  that  the  penetration  depth  of  the  SAW  is  inversely  proportional  to  the 
acoustic  frequency.  It  is  assumed  in  this  calculation  that  both  the 
diffracted  and  the  undiffracted  light  waves  belong  to  the  same  TF.  mode, 
namely,  nIT|^=nn^*  This  assumption  is  based  on  the  fact  that  no  mode  conversion 
has  been  observed  in  the  experiments  to  be  described  later.  The  normalized 
optical  field  distribution  U^(y)  or  U ^(y)  for  the  three  lowest  order  modes 
are  regenerated  from  the  formulation  given  in  Ref.  26  and  are  shown  in 
Fig.  3(c). 

Finally,  the  relevant  photoelastic  constants  and  electro-optic  co- 
efficients are  needed  for  the  numerical  calculation  of  Fq.  3(c).  For 
the  SAW  propagating  along  or  approximately  along  the  Z(c)-axis  of  the  Y-cut 
LiNbO^  substrate  the  dominant  strain  components  responsible  for  the  inter  _ 
action  are  S^  and  with  the  corresponding  photoelastic  constants  P^^P^3 
0.178  and  P^=.088  (27),  The  corresponding  electro-optic  coefficients  are  r33= 

31x10  ^ volt/cm  and  r^=r^2=0.  It  can  be  shown  that  for  the  SAW  propagating 

along  or  approximately  along  + 21.8°  from  the  Z(c)-axis  five  components  of  the, 

strain  fields  and  two  components  of  the  associated  electric  field  contribute 

to  the  diffraction.  The  two  dom i nan t strain  components  are  Sr  and  S.  with 

5 6 

the  corresponding  photoelastic  constants  (-0.38?^)=  -0.06  and  (-0.048P^ 
-0.297P^^-H).048P^2+(^.297^^)  = 0.024.  The  dominant  electric  field  component 

is  F..  with  the  corresponding  electro-optic  coefficient  (0.128r1-  + 0.8r-~  + 

1 -10 
O.ZSbr^)  = 32.9x10  volt/cm. 


Y(DEPTH  below  surface 

IN  ACOUSTIC  WAVELENGTH) 


E 


Y(  DEPTH  BELOW  SURFACE 
IN  ACOUSTIC  WAVELENGTH) 


3 n)  Depth  Dependence  of  the  Strain  Fields  for  the  SAD  Propagating 
Along  the  7-axis  of  v-cut  hi^Ibn^  substrate, 
b)  Depth  Dependence  of  the  Accompanying  Piezoelectric  Fields  to 


-17- 


Using  the  acoustic  and  optical  field  distributions  and  the  elasto- 
optic  and  electro-optic  parameters  as  described  above,  spatial  variations  of 
the  relative  elasto-optic  and  electro-optic  contributions  to  the  Bragg  diffrac- 
tion have  been  calculated.  The  results  are  shown  in  Fig.  A.  From  Figs. 

4(a)  and  4(h)  it  is  seen  that  while  the  electro-optic  effect  is  the  dominant 
cause  of  the  diffraction  in  the  case  of  the  Z-propagating  SAW,  both  the 
electro-optic  and  the  elasto-optic  effects  contribute  nearly  equally  to  the 
diffraction  for  the  case  of  the  21.8°  -propagating  SAW.  Similarly,  the 
relative  Bragg  diffraction  efficiency  as  a function  of  the  acoustic  frequency, 
with  the  penetration  depth  of  the  waveguide  mode  as  a parameter,  can  also  be 
calculated.  Fig.  5 shows  the  calculated  results  for  the  two  directions  of 
propagation  using  a SAW  of  1.74mm  aperture  and  an  optical  TEq  mode  of  two 
penetration  depths.  These  plots  clearly  show  that  the  Z-propagating  SAW  can 
provide  more  efficient  Bragg  diffraction  at  relatively  low  acoustic  frequency. 
In  contrast,  the  21.8°  -propagating  SAW  provides  more  efficient  Bragg  diffrac- 
tion at  higher  acoustic  frequency.  Furthermore,  the  smaller  the  penetration 
depth  of  the  optical  guiding  layer  the  higher  will  be  the  diffraction  effi- 
ciency and  the  operating  frequency. 

C.  Bandwidth  Limitations 

From  Equation  (3a)  it  can  also  be  seen  that  the  interaction  bandwidth 

assuming  a sufficiently  large  acoustic  bandwidth,  depends  not  only  on  the 

2 

acoustic  aperture  but  also  on  g^  and,  thus,  the  diffraction  efficiency. 

This  is  because  the  penetration  depth  of  the  SAW  and,  thus,  varies 

with  the  acoustic  frequency.  In  the  following  analysis  the  -3db  interaction 
bandwidth,  2Af^,  for  the  case  with  center  frequency  f^  is  calculated. 

Since  at  the  exact  Bragg  condition  (AO^  = 0)  and  at  f^  = f^,  the  diffraction 
efficiency  is  given  by  (sin  g^(f^)}^,  the  half  bandwidth  Af^  can  be  deter- 
mined from  the  following  equality: 
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and  v designates  the  velocity  of  the  SAW. 

K1 

Again,  using  the  acoustic  and  optical  field  distributions  and  the 
elasto-optic  and  electro-optic  parameters  described  previously  a set  of  fre- 
quency response  curves  for  the  lowest  order  TF  mode  (TFo) » having  g^  as  a 
parameter,  have  been  obtained  and  are  shown  in  Fig  .6.  In  these  plots  the 
acoustic  waves  are  assumed  to  have  center  frequencies  of  170,255  and  382  MHz, 

each  with  a 302  fractional  acoustic  bandwidth  Af  . Fig.  6(a)  is  plotted 

a 

for  the  acoustic  apertures  = 2.5mm,  b0  = 1.66mm  and  = 1.11mm  while 
Fig  . 6(b)  is  plotted  for  acoustic  apertures  100%  larger.  It  is  seen  that 
the  interaction  bandwidth  decreases  as  the  acoustic  aperture  increases  and 
may  become  smaller  than  the  acoustic  bandwidth  at  large  acoustic  aperture. 

For  example,  a Bragg  bandwidth  of  only  45  MHz  is  possible  for  a device  using 
a Y-cut  LiNbO^  out-diffused  waveguide  of  7 pm  penetration  depth  in  which  the 
acoustic  aperture  is  .5  cm  and  the  acoustic  center  frequency  is  380  MHz. 

From  the  analytical  and  numerical  results  presented  above,  we  may 
conclude  that  the  bandwidth  of  the  guided-wave  acousto-optic  Bragg-devices 
using  a single  SAW  is  not  only  limited  by  the  acoustic  center  frequency,  the 
acoustic  bandwidth  and  the  aperture  'of  the  SAW  but  also  depends  on  the  diffrac- 
tion efficiency  and  the  optical  modes  involved.  For  the  devices  which  employ 
the  TFq  and/or  TE^  modes  the  device  bandwidth  increases  slightly  as  the  diffrac- 
tion efficiency  increases.  For  other  optical  modes  the  device  bandwidth  may 
decrease  as  the  diffraction  efficiency  increases.  It  is  observed  that  for  a 
device  which  utilizes  a single  SAW  of  low  acoustic  center  frequency  the 
absolute  device  bandwidth  is  mainly  limited  by  the  acoustic  bandwidth.  On 
the  other  hand,  for  a device  which  employs  a single  SAW  of  high  acoustic 
center  frequency,  the  absolute  device  bandwidth  is  mainly  limited  hy  the 
Bragg  bandwidth.  Thus,  the  diffraction  efficiency-bandwidth  product  of  a 
device  using  a single  SAW  is  rather  limited.  However,  it  is  clear  that  by 
employing  a number  of  SAWs  which  are  of  staggered  center  frequency  and  tilted 
propagation  direction,  efficient  Bragg  diffraction  in  each  frequency  band  will 
make  it  possible  to  achieve  a large  composite  bandwidth  and,  thus,  a large 
diffraction  efficiency-bandwidth  product. 
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V.  GUIDED-WAVE  ACOUSTO-OPTIC  BRAGG-DI FFRACTION  FROM  TWO  TILTED  SURFACE 
ACOUSTIC  WAVES 
A.  Theory 

As  mentioned  in  the  beginning  of  Section  IV,  the  input  boundary 
values  (the  diffracted  and  undiffracted  light  fields)  for  the  interaction 
region  of  the  second  SAW  are  obtained  by  adding  a phase  factor,  which 
accounts  for  the  propagation  delay  between  the  two  adjacent  SATTs,  to 
Equations  (2c)  and  (2d).  Thus,  the  methodology  for  numerical  computation 

* '1 

which  has  been  developed  for  the  case  involving  a single  nAW  can  be  con- 
veniently extended  to  the  case  involving  multiple  tilted  SAWs.  For  sim- 
plicity, only  the  case  with  two  tilted  SAWs  (Figure  7)  is  treated  in  this 
section.  Note  that  in  Figure  7 the  tilt  angle,  P , between  the  two  SAWs 
is  set  equal  to  the  difference  in  the  Bragg  angles  at  the  two  acoustic  cen- 
ter frequencies.  We  shall  first  calculate  the  resultant  diffraction  effi- 
t ciency  for  this  case. 

For  convenience  we  shall  express  the  boundary  values  at  the  input 
edge  of  the  second  SAW  as  follows: 

Em2  (L1+Ax12)  = “ (5a) 

En2  (L1+Ax12)  = Bexp  (5h) 

where  from  Equations  (2)  and  (3)  we  have, 

1/9 

« - (1  - Cj)  ' (5c) 

6 - (C^172 

tt/2+(K1A01Ax12/2)+  tan  1 { (K1A0^/2q^)  sin(q^L^)  /cos(qjL^)  } 

where  designates  the  relative  phase  between  the  undiffracted  and  diffracted 
light  waves  and  includes  the  phase  shift,  <(>  , of  the  first  SAW.  Substituting 

Equation  (5)  into  the  general  solutions  for  E „(x)  and  F,  _(x),  which  take  the  H 

m/.  nz 

same  form  as  E . (x)  and  E . (x) , we  obtain  the  electric  fields  of  the  diffracted 
ml  nl 

light  wave  at  the  output  of  the  interaction  region: 


Guided-Uave  Acousto-optic  Bragg-Dif fraction  From  Two  Tilted 
Surface  Acoustic  Waves. 


1^2  (Lj+AXiz+Lj)  = 8cos(q2L2)+j (l/q2) { C^2  A0  ^ /2)  R+ct  B,exp  j(*2-y>)}  sin  (q^) 

x exp  .1  {-(K2Ae2L2/2)  + } (6) 

where  K2,  <!>2»  ^ * ^2  anc*  B2  are  defined  *n  sane  manner  as  those  in 

the  first  SAW. 

In  order  to  calculate  the  resultant  diffraction  efficiency  we 

first  note  that  the  diffraction  efficiency  due  to  the  first  SAW  is  simply 
2 

| S exp(j©)  I which  is  given  by  Equation  (3a).  We  also  note  that  the 

' 2 2 
diffraction  efficiency  ^ due  to  the  second  SAW  alone  is  given  by  (B2  ^ q2)x 

sin  ^2L2  because  ^2  = % . Thus,  the  resultant  diffraction  efficiency  which 

is  simply  | E^  (Lj+Ax^2+L2)  I ^ Is 

1/2 

CT-C1(1-C2)  + C2(l-C1)+2  {^1(l-r.i;c2}i/  {(K2A62/2q2)sin(q2L2)  cos  (<t>2~  f) 

- cos(q2L^  sin  f )}  (7) 

From  Eq.  (7),  it  is  seen  that  r„p  - ?;  for  the  frequency  range  <_  f^^ 

and  ~ £7  for  t'ie  frequency  range  f ^ f q9  • On  the  contrary,  for  the 

frequency  range  f„,  < f < f,.„  both  acoustic  waves  contribute  to  the 
01  — a — 02 

diffraction  and  the  resultant  diffraction  efficiency  is  given  by  the  sum 
of  the  three  terms.  The  effect  of  the  interference  between  the  two 
acoustic  waves  on  the  resultant  diffraction  efficiency  is  represented  by 
the  cross  tern.  It  is  clear  that  enhancement  as  well  as  reduction  in  the 
diffraction  efficiency  occurs  as  the  phase  shift  (A?  - f)  varies. 

Using  Equation  (7),  a family  of  plots  for  the  diffraction  efficiency 
versus  the  acoustic  frequency,  with  the  phase  shift  between  the  two  SAWs, 

Afi  , as  a parameter,  have  been  generated.  Rome  sample  plots  for  a He-Ne 
laser  light  are  shown  in  Figure  8.  In  order  to  compare  these  calculated 
plots  with  the  measured  ones  to  be  shown  in  Section  VTI , the  acoustic  and 
the  acousto-optic  parameters  for  these  plots  are  chosen  to  be  identical  to 
those  used  in  Section  VTI,  namely,  f = 170  MHz,  f^2  = 255  MHz,  I.  = 2.5  mn 
and  L2  = 1.66  mm,  and  the  tilt  angle  set  equal  to  the  difference  in  the 
corresponding  Bragg  angles  at  the  center  frequency  for  the  individual  SAWs, 
namely,  3.4  mrad.  From  the  plots  it  is  seen  that  the  phase  shift  may  cause 
destructive  as  well  as  constructive  interference  in  the  resultant  diffracted 
light  power.  Consequently,  the  resultant  (composite)  bandwidth  can  be  larger 
than  the  sum  of  the  two  individual  bandwidths.  Therefore,  the  phase  shift 
as  well  as  the  tilt  angle  between  adjacent  SAWs  are  the  important  parameters. 
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in  addition  to  the  center  frequency  and  the  acoustic  aperture  of  the 
individual  SAMs  for  the  design  of  wideband  high-diffraction  efficiency  Bragg 
devices . 

In  summary,  the  analysis  and  the  methodology  for  the  numerical 
calculation  described  above  for  the  case  involving  two  tilted  SAMs  may  be 
extended  to  the  case  involving  more  than  two  tilted  SAMs,  and  it  can  be  con- 
cluded that  by  using  multiple  SAMs  which  are  staggered  in  their  center  fre- 
quency and  tilted  in  their  propagation  direction  guided-wave  acousto-optic 
Bragg  devices  with  large  diffraction  efficiency-bandwidth  product  can  be 
realized. 

B.  Experimental  Results 

A Y-cut  LiNbO^  substrate  possesses  an  attractive  combination  of 
acoustic,  piezoelectric,  optical,  acousto-optic  and  electro-optic  properties 
(28,  29).  In  addition,  an  optical  waveguidlng  layer  may  be  easily  created  on 
the  top  of  the  substrate  using  a number  of  fabrication  techniques.  Thus,  a 
number  of  multiple-tilted  transducers  (the  transducer  axes  approximately 
along  the  z(c)  axis)  have  been  fabricated  on  such  substrates  to  study  the 
wideband  technique  discussed  above.  The  waveguiding  layers  were  grown  using 
the  out-diffusion  technique  (22)  and  the  interdigital  transducers  were  fabri- 
cated using  the  well  established  photolithographic  method  (30)^ 

The  configuration  of  m earlier  device  Heine  studied  is  shown  in  Fig.  9. 

Detailed  measurements  for  the  device  include  the  diffraction  efficiency  as 
well  as  the  deflection  angle  of  the  light  beam  versus  the  frequency  of  the 
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driving  signal  using  a 6328  A He— Ne  laser  light.  The  optical  waveguiding 
layer  could  support  one  or  two  TE  modes.  Two  interdigital  SAW  transducers 
having  the  designed  center  frequencies  of  255  MHz  and  382  MHz,  respectively, 
and  a tilt  angle  of  approximately  0.3  degrees  were  fabricated  on  the  top  of 
the  waveguide  to  generate  two  tilting  acoustic  waves  propagating  approximately 
along  the  z-axis  of  the  LiNbO.  crystal.  Since  it  is  desirable  for  the  trans- 
ducers to  provide  an  acoustic  bandwidth  which  is  as  wide  as  possible  and 
since  the  fractional  acoustic  bandwidth  of  an  interdigital  transducer  is 
inversely  proportional  to  the  number  of  interdigital  finger  electrode  pairs, 
two  and  a half  finger  pairs  was  chosen  for  each  of  the  two  transducers. 
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The  apertures  of  the  two  transducers  are  1.66  and  1.11  inra,  respectively, 
each  being  large  enough  to  insure  the  individual  diffraction  to  be  in  the 
Bragg  regime.  The  two  transducers  were  connected  in  parallel  and  their 
combined  electrical  capacitance  was  tuned  out  with  an  inductance.  The 
measured  frequency  responses  of  the  Bragg  diffraction  with  the  two  trans- 
ducers excited  separately  are  shown  in  Figure  10(a)  and  that  with  the  two 
transducers  excited  simultaneously  is  shown  in  Figure  10(h).  From  Figures 
10(a)  and  10(b)  it  is  seen  that  the  resultant  device  bandwidth  ( ^190  TtHz) 
is  larger  than  the  sum  of  the  device  bandwidth  using  acoustic  wave  /fl  alone 
(85  MKz)  and  the  device  bandwidth  using  acoustic  wave  ((2  alone  (75  MHz)  . 

It  is  also  seen  that  the  Bragg  diffraction  peaks  in  a neighborhood  of  the 
transducer  center  frequencies,  namely,  255  MHz  and  582  MHz  as  expected.  A 
flat  response,  instead  of  a dip,  between  the  two  peaks  would  be  expected  if 
the  center  frequencies  of  the  two  transducers  were  separated  by  a smaller 
amount  than  the  one  implemented.  As  a matter  of  fact  an  additional  peak, 
located  between  the  two  peaks,  was  observed  in  an  earlier  design  in  which 
the  separation  of  the  two  center  frequencies,  170  MHz  and  200  MHz,  was  con- 
siderably smaller  (12)_  In  this  earlier  version  a resultant  device  band- 
width of  60  MHz  was  obtained.  Similar  frequency  responses  with  the  resultant 
device  bandwidth  varying  from  155  MHz  to  195  MHz  was  also  obtained  as  the 
incident  angle  of  the  light  beam  was  varied  by  approximated  + 25'  from  the 
optimum  Bragg  condition.  Thus,  a resultant  device  bandwidth  close  to  200  MHz 
has  been  achieved.  Measurement  of  the  strengths  of  the  two  surface  acoustic 
waves,  using  a laser  beam  probe  at  normal  incidence  to  the  svibstrate,  as  a 
function  of  frequency  indicates  that  the  resultant  device  bandwidth  is  mainly 
limited  by  the  acoustic  bandwidths  of  the  two  transducers.  Thus,  a resultant 
device  bandwidth  larger  than  200  MHz  may  be  expected  by  inserting  a wideband 

s 

electric  matching  network  between  the  signal  generator  and  the  two  transducers. 
A further  increase  in  the  resultant  device  bnndwidth  should  be  possible  by 
adding  more  transducers  at  the  appropriate  center  frequency  and  tilt  angle. 


Relative  Diffracted  Relative  Diffracted 

Light  Power  _ Light  Power 


-4<i- 


(MHz ) 

FIr.  10  (a)  Frequency  Responses  of  the  PraqR-Oif f racted  Li»»ht  Power 


for  the  Individual  Acoustic  Waves, 

(b)  Frequency  Response  of  the  RraRR-Oif fracted  Llsht  Power 
for  the  Combined  Acoustic  '-’aves. 


In  beam  deflection  and  switching  applications  the  relation  ’1  = 

(D/v  )Af  prevails,  where  N designates  the  number  of  resolvable  beam  diameters, 

R 

D the  aperture  of  the  light  beam,  » the  velocity  of  the  surface  acoustic 

wave  and  Af  the  device  bandwidth.  Figure  11(a)  shows  the  photograph  of  the 
diffracted  light  spots  at  the  far-field  as  the  frequency  of  the  driving 
signal  was  varied  from  240  MHz  to  420  MHz  for  a light  beam  aperture  of  about 
0.1  cm.  Figure  11(b)  shows  the  corresponding  undiffracted  and  diffracted 
light  spots  at  the  far-field.  With  such  a relatively  small  light  beam  aper- 
ture no  degradation  of  either  the  undiffracted  or  the  diffracted  light  beam 
was  observed.  From  Figure  11(a)  the  number  of  resolvable  spot  diameters  as 
defined  by  the  Rayleigh  criterion  is  estimated  to  be  48  which  agrees  well 
with  the  calculated  value  of  51.  In  the  device  being  studied  a light  beam 
aperture  of  0.4  cm  with  slight  non-uniformity  in  light  intensity  was  achievable 
after  the  light  beam  has  propagated  through  the  input  and  output  prism  couplers. 
Improvement  of  the  surface  condition  of  the  prism  couplers  and  the  LiNbO^  plate 
and  the  contact  between  them  should  result  in  a larger  light  beam  aperture. 

Thus,  the  device  should  be  able  to  deflect  a light  beam  of  1 cm  aperture  into 
575  resolvable  spot  diameters  with  a transit  time  of  2.8  microseconds.  (The 
relevant  surface  acoustic  wave  velocity  is  3.5  x 10^  cm/sec.).  The  through- 
put coupling  efficiency,  after  propagating  through  the  input  and  output  prism 
couplers,  is  approximately  20%.  From  Figure  11(b)  it  is  also  seen  that  the 
mode  structure  of  the  diffracted  beam  is  the  same  as  that  of  the  undiffracted 
beam.  We,  therefore,  conclude  that  no  observable  mode  conversion  was  generated 
during  the  acousto-optic  interaction  with  the  device  being  studied. 

The  rf  driving  power  of  the  device  for  a 50%  diffraction  efficiency 
was  measured  to  be  200  mw,  corresponding  to  an  estimated  acoustic  power  of 
at  most  50  mw.  This  estimation  is  based  on  the  assumption  of  a -3db  electric 
acoustic  conversion  loss  and  an  additional  -3db  insertion  loss  as  a result  of 
the  bidirectional  property  of  the  interdigital  transducer.  Exact  determination 
of  the  acoustic  power  was  not  possible  because  no  receiving  transducer  was 
fabricated  in  the  device  being  studied.  For  the  earlier  version  of  the  de- 
vice, referred  to  in  Reference  12,  the  corresponding  rf  driving  power  and 
the  estimated  acoustic  power  are  140  mw  and  35  mw,  respectively,  with  a de- 
vice bandwidth  of  60  MHz.  This  driving  power  requirement  is  slightly  lower 
than  that  of  a comparable  device  (at  X = 1.15  w)  described  in  Reference  3. 


The  very  efficient  diffraction  achieved  with  our  device  is  attributed  to  a 
close  match  of  the  penetration  depths,  estimated  to  he  about  7 p (22), 
between  the  lowest-order  mode  guided-light  waves  and  the  surface  acoustic 
waves.  Optimization  of  both  electrical  and  acoustical  parameters  of  the 
device  should  further  improve  its  performance. 

In  conclusion,  we  have  experimentally  demonstrated,  for  the  first 
time,  that  a substantial  increase  in  the  bandwidth  of  an  acousto-optic 
guided-light  bean  deflector  or  switch,  can  be  achieved  by  employing  multiple 
tilted  surface  acoustic  waves  which  are  staggered  in  their  operating  frequency 
and  tilted  in  their  propagation  direction.  The  measured  performance  figure 
of  the  device  being  studied,  which  employs  two  tilted  surface  acoustic  waves, 
is  among  the  best  of  those  having  been  achieved  in  recent  years.  It  has  been 
demonstrated  that  such  a device  configuration  is  relatively  easy  to  design 
and  easy  to  fabricate.  The  new  technique  introduced  here  should  be  very  use- 
ful for  applications  involving  very  wide  bandwidths  such  as  a guided-wave 
acousto-optic  rf  spectrum  analyzer  which  requires  a bandwidth  of  approximately 
500  MHz  (7)  and  high-speed  multiport  switches  for  integrated/fiber  optics 
terminals. 
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VI.  GUIDF.D-WAVE  ACOUSTO-OPTIC  BRAGG  PHFFRACTION  BV  All  N-SAO  ARRAY  - 
GENERAL  CASE 
A.  General  Theory 

Ue  shall  now  extend  the  analysis  of  Section  V to  the  general  case 

in  which  an  array  of  N- SAN's  is  involved  (Figure  12) . The  advantage  of  using 

a separate  coordinate  system  for  each  transducer  (i.e.,  x^  = 0 at  the  input 

of  each  transducer)  will  become  clear  later.  It  is  to  be  noted  that  tilt 

angles  between  adjacent  transducers  are  all  assumed  small  in  the  transducer 

array  so  that  the  separation  between  adjacent  SANs  in  the  interaction  region 

may  be  approximated  by  the  corresponding  transducer  separation. 

Consider  the  interaction  in  the  region  with  surface  acoustic  wave 

aperture  L and  write  the  input  boundary  conditions  in  the  normalized  form: 

2 2 

E^(0)  = a and  En(0)  = 8 exp  (j  <^>),  where  a + B =1  and  f is  the  relative 
phase  difference  between  the  diffracted  and  undiffracted  light  at  the  input. 
By  matching  these  boundary  conditions  to  the  general  solutions,  the  electric 
fields  of  the  undiffracted  and  diffracted  light  at  the  output  of  the  inter- 
action region  (x  = L)  are  given  as  follows  (14) : 

E (L)  ■ [“tui(qL)+(;t/q)  { BAexp- j (A-f>)  -a(KA0/2)}  sin(qL)Jexp  j (KA0L/2)  (8a) 

m ( ' 

En(E)  - (Bcos(qL)exp  j 'f  + (j/q)  {an  exp  j + 8(KA0/2)  exn  j <p  }]  (8b) 

x exp  j (-KA0L/2) 
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General  Interaction  Gonf iRuratlon  for  BraRR-Bif fraction  from 
Multiple  Surface  Acoustic  Uaves. 


in  which  p and  r are,  respectively,  the  relevant  photo-elastic  and  electro- 
optic constants;  c is  velocitv  of  light  in  free  space;  AO  is  deviation  of 
the  incident  angle  from  the  Bragg  angle;  0 , 0 are  angles  of  incidence 

and  diffraction  measured  from  the  normal  to  the  acoustic  wave  vector  K,  and 

n , n are  the  indicies  of  refraction  of  the  undiffracted  and  diffracted 
m n 

lights.  Other  symbols  are  the  same  as  that  in  Section  V.  It  should  be 
noted  that  the  input  boundarv  values  for  the  next  SAW  are  obtained  by  add- 
ing the  phase  factor  exp  j (KAOi),  which  accounts  for  the  propagation  delav 
between  the  two  SAWs  of  separation  i,  to  Equations  (8a)  and  (8b). 

Using  Equations  (8a)  and  (8b) , the  electric  fields  of  the  undiffracted 
and  diffracted  light  being  output  from  the  (i-l)-th  SAW  at  (L  ^ + d^  ^)  can 
be  obtained.  These  output  fields  are  the  input  to  the  i-th  SAW,  and  so  may 
be  used,  in  turn,  to  determine  the  output  electric  fields  from  the  i-th  SAW. 
Thus,  using  the  special  coordinate  system  of  Figure  12,  Equations  (8a)  and  (8b) 
can  be  applied  successively  to  any  number  of  SAWs.  As  previously,  the  input 
boundary  conditions  for  the  i-th  SAW  are  written  in  the  following  form: 


Em(xi  = 0)  " ni 

(9a) 

F-n(xj  = 0)  = 81  exp  ( 1 ±) 

(9b) 

where  if  i is  the  relative  phase  between  E (0)  and  En(0),  Ev 
Equations  (8a)  and  (8b)  and  after  some  algebraic  manipulation, 

generalizing 

Si  and  if 

are  obtained  as  follows: 

°i  - (1  - V i-i)l5 

(9c) 

6i  = (^T,  i-1^  i 

(9d) 

fi  " Ki-lAOi-ldi-l  + Vi-l-,f'm,i-l 

(9e) 

where  5T  ^ = the  resultant  diffraction  efficiency  due  to  the  first  (i-1)  SAWs 


m,i-l 
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(9g) 


= the  diffraction  efficiency  due  to  the  (i-l}-th  SAW  with  input  electric 
fields 

E (0)  = 1 and  F.  (0)  =0, 
m'  n ’ 


'i-1 


= total  phase  (including  the  transducer  electric  phase  and  the  acoustic 


phase  due  to  the  step  height)  of  the  (i-l)-th  SAW. 

The  electric  fields  of  output  light  from  the  N-th  SAW  are: 

Em,N(xN  = HP  = [ aHC0S  ^qN’Hl>  + (1/qNp  {BMAHexp"1 


x exp  1 O^AO^/2) 


(10a) 


= V “ [BjjCoxCq^)  exp  j y>N  + (.1  /q„)  (a^,  exp  J*N  + Oy^/2) BNexp  .1  <f^] 

(10b) 


x exp  .1  (-K(IA0nLn/2) 


Finally,  the  resultant  diffraction  efficiency  is 

CT,M  = |En,N^HPl  = CN(1‘i’T,N-l)  + ^1_SP  ^T,N-1^  + 2 ^r’T,N-l^1-r’T,N-l^ 


x (KNA0N/2qN)sin(qNLN)cos  « N -cos^y  sin  « N 
where  % - V’WWli-l  ^n,W-l  + \n-1 


(10c) 

(10d) 


Equations  (10c)  and  (lOd)  clearly  show  the  manner  in  which  the  resultant 
diffraction  efficiency  depends  upon  that  of  the  first  (N-l)  SAWs  and  the  last 
(N-th)-SAW  as  well  as  the  phase  shifts  of  the  light  and  acoustic  waves.  It  is 
to  be  noted  that  for  the  first  SAW,  we  have  r,^  ^ *=  0,  rt^  = 1,  ■=  0 and  If  ^ =* 

Thus,  by  utilizing  these  input  boundary  values  for  the  first  SAW  and  successively 
employing  the  general  expressions  given  by  Eq.  (10a)  and  (10b)  the  resultant 
diffraction  efficiency  for  any  number  of  SAWs  may  be  calculated  numerically. 

The  methodology  for  this  numerical  calculation  has  been  established  for  the 


analysis  and  design  of  devices  using  either  of  the  two  wideband  configurations 


B.  Bragg-Dif fraction  From  Multiple  Tilted  and  Phased  SAWs 

1.  Tilted  SAW  Configuration 

It  is  clear  that  the  configuration  involving  N tilted  SA'-ts  can  be 
deduced  from  the  general  configuration  of  Figure  12  by  letting  all  step 
heights  h^  equal  zero  and  each  tilt  angle  0^  equal  the  difference  between 
the  Bragg  angle  of  the  i-th  SAW  and  that  of  the  first  SAW,  both  at  their 
respective  center  frequencies.  Consequently,  the  resultant  frequency  re- 
sponse for  the  diffraction  efficiency  can  be  obtained  from  Equations  (9)  and 
(10)  by  imposing  the  above  mentioned  conditions.  Previous  study  has  estab- 
lished that  the  phase  shift  as  well  as  the  tilt  angle  between  adjacent  SAWs, 

* in  addition  to  the  center  frequency  and  the  acoustic  aperture  of  the  individual 
SAWs,  are  the  important  parameters  for  the  design  of  Bragg  devices  with  large 
composite  bandwidth  (14) . 

2.  Phased  SAW  Configuration 

Similarly,  the  configuration  of  phased-arrays  of  N identical  SAW 
element  transducers  can  be  deduced  from  the  general  configuration  by  letting 
L^I^5*. . . Ljj , d^=d2=. . .d^ , all  tilt  angles  0^  equal  zero,  and  center  frequencies 
of  all  element  transducers  and  all  step  heights  between  adjacent  element  trans- 
ducers be  identical.  In  addition,  the  separation  and  the  step  height  between 
adjacent  element  transducers,  d^  and  (h^-h^  ^) , and  the  phase  difference  A0 
between  adjacent  SAWs  are  given  bv  Equations  (11a)  to  (lid).  These  results 
are  similar  to  those  of  bulk  acoustic  phased-array  transducers  (31): 


d = P(n  A /X  ) 
in 

(lla) 

o o 

hl  - hi-l  ■ P<V2> 

alio 

A0  = { 7T  + ?(f/f  ) tt } for  P =*  odd 
o 

(lie) 

*=P(f/f)ir  P = even 

o 

(Hd) 

P = even 
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where  A is  the  acoustic  wavelength  at  the  center  frequency  f and  P designates 
o o 

the  step  height  between  adjacent  element  transducers  in  terms  of  the  number  of 
half  acoustic  wavelengths  at  the  center  frequency.  Neglecting  the  overlap  inte- 
gral, it  can  be  shown  that  as  a result  of  first-order  acoustic  beam  steering, 

the  Bragg  bandwidth  Af„  is  approximately  equal  to  (2/P)f  and  is  approximately 

n o 

N times  larger  than  that  of  a single  SAW  possessing  an  aperture  identical  to 
that  of  the  phased-array  (32).  Mote  that  P imposes  conflicting  requirements 
on  the  performance  figures;  that  is,  a high  diffraction  efficiency  requires  a 
large  P while  a large  bandwidth  requires  a small  P. 


VII.  GUIDED-WAVE  ACOUSTO-OPTIC  BRAGG-' 'IFFRACTION  FROM  MULTIPLE  TILTED  SAMs 


EXPERIMENTAL  RESULTS 

As  indicated  earlier,  a Y-cut  LiNbO^  substrate  possesses  an  attractive 
combination  of  acoustic,  piezoelectric,  optical,  acousto-optic  and  electro- 
optic properties  (28,  29) < In  addition,  an  optical  waveguiding  layer  may  be 
easily  created  on  the  top  of  the  substrate  using  a number  of  fabrication 
techniques.  Thus,  a number  of  multiple-tilted  transducers  (the  transducer 
axes  approximately  along  the  z(c)  axis)  have  been  fabricated  on  such  sub- 
strates to  study  the  wideband  technique  discussed  above.  The  waveguiding 
layers  were  grown  using  the  out-diffusion  technique  (22)  and  the  interdigital 
transducers  were  fabricated  using  the  well  established  photolithographic 
method  (80) . 

A.  Design  of  the  Tilted  SAM  Transducers 

Two  versions  of  the  tilted  SAW  transducers,  namely,  three-  and 
four-element  transducers,  were  fabricated  and  employed  in  the  experimental 
study.  The  center  frequencies  of  the  three-element  transducers  are  170,  255, 
and  382  MHz,  with  the  corresponding  acoustic  apertures  of  2.5,  1.66  and  1.11 
mm,  respectively,  and  the.  tilt  angles  between  adjacent  transducers  are  3.4 
and  3.2  mrad,  corresponding  to  the  difference  in  the  Bragg  angles  at  the 
center  frequency  of  the  adjacent  transducers.  In  order  to  ohtain  as  wide  an 
acoustic  bandwidth  as  possible  the  number  of  finger  electrode  pairs  for  each 
transducer  was  chosen  to  be  as  small  as  two  and  a half.  The  measured  acoustic 
bandwidths  of  approximately  30  percent  of  the  center  frequencies,  namely  50, 

68  and  115  MHz  were  obtained  by  inserting  a single  inductance  of  proper  value 
to  each  transducer.  The  acoustic  wavelengths  at  the  center  frequency  are, 
respectively,  20.5,  13.7  and  9.3  pm.  This  version  of  tilted  transducers 
was  used  to  study  the  frequency  response  as  well  as  the  effect  of  phase  shift 
on  the  frequency  response,  and  the  electric  drive  power  requirement. 

The  center  frequencies  of  the  four-element  transducers  are  140,  220, 

290  and  400  MHz,  with  the  corresponding  apertures  of  2.2,  2.2,  1.6  and  1.1  mm, 
respectively,  and  the  tilt  angles  between  the  adjacent  transducers  are, 
respectively  2.5,  3.5  and  5.0  mrad.  The  number  of  finger  electrode  pairs  for 
each  transducer  was  chosen  to  be  two,  with  the  measured  acoustic  bandwidths 
of  approximately  35  percent  of  the  center  frequencies,  namely  45,  69,  90  and 
150  MHz.  Finally,  the  acoustic  wavelengths  at  the  center  frequencies  are, 
respectively  23.5,  16.4,  11.6  and  8.1  pm. 
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is. Optical  Waveguide,  Optical  IS  earn  and  Acousto-optic  Parameters 

A He-Ne  laser  light  at  0.6328  pm  was  utilized  in  the  experiments. 

A rutile  prism  was  used  to  couple  an  ungiided light  beam  into  a guided  light 
beam  with  the  polarization  approximately  along  the  c-axis  of  the  LiNbO^  and 
a second  rutile  prism  was  used  to  couple  out  both  the  diffracted  and  the 
undiffracted  light  beams  (Figure  13(a)).  A photograph  of  one  of  the  units 
used  in  this  study  is  shown  in  Figure  13(b).  Note  that  the  prism  couplers 
and  the  LiNbO^  crystal  are  located  in  the  middle  of  the  brass  plate.  The 
out-diffused  waveguide  supports  a single  TE  mode,  namely  TE0,  with  a pene- 
tration depth  of  approximately  7 pm.  The  corresponding  maximum  change  of 
refractive  index  at  the  surface  is  estimated  to  be  approximately  5 x 10~\ 

The  best  through-put  coupling  efficiency  is  as  high  as  25  percent.  The 
aperture  of  the  guided-light  beam  can  be  varied  from  1 to  6 mm,  with  a slight 
degradation  in  the  uniformity  of  the  light  beam  for  the  widest  aperture.  The 
variation  of  the  through-put  coupling  efficiency  as  a function  of  the  diffrac- 
tion spread  of  the  incident  light  beam,  which  ranges  from  1 to  16  mrad,  was 
measured  to  be  only  two  to  one. 

2 

The  Q parameters  (defined  as  2irX^L/nA  ) are,  respectively,  11,  16 
and  24  for  the  three-element  version.  Thus,  Bragg-dif fraction  prevails  in 
all  frequency  bands.  Since  the  0 parameters  for  the  four-element  version 
are ,' respectively,  6.5,  13.1,  19.2  and  27,  Bragg-dif fraction  also  prevails 
in  all  frequency  hands. 

C.  Frequency  Responses  and  Electric  Drive  Power  Requirement 

The  individual  transducers  were  excited  in  parallel  using  power 
dividers  and  the  phase  shifts  between  adjacent  SAWs  were  implemented  by  using 
sections  of  coaxial  cables.  The  incident  angle  of  the  guided-light  beam  was 
adjusted  by  using  a precision  holder  for  the  device  to  optimize  for  both  the 
diffraction  efficiency  and  the  resultant  bandwidth.  Figure  14  shows  the  re- 
corder plots  of  the  resultant  frequency  response  due  to  the  three-element 
tilted  SAW  array  and  those  due  to  the  individual  SAWs,  together  with  plots 
calculated  using  Equations  (9)  and  (10)  of  Section  VI.  The  calculated  plots 
are  obtained  using  the  SAW  propagation  parameters  as  given  in  Reference  25 
and  the  normalized  guided  light  field  distribution  for  out-diffused  waveguides 
as  described  in  Reference  26.  The  penetration  depth  of  the  TF.^  mode  employed 
in  the  experimental  study  is  approximately  7 u.  It  is  seen  that  the  device  has 
a -3db  resultant  bandwidth  of  approximately  245  MHz  while  the  bandwidths  using 
the  individual  SAWs  are,  respectively  45,  65,  and  83  MHz.  Clearlv,  the  resul- 
tant bandwidth  is  larger  than  the  sum  of  the  three  individual  bandwidths. 


Configuration  for  Guided-Have  Acousto-ontic 


(b)  For  Individual  SAT 
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The  allowable  variation  of  the  incident  ancle  of  the  light  bean  (outside  the 
crystal)  to  maintain  the  same  bandwidth  is  anproximate.lv  0.5  degrees.  Typical 
diffraction  efficiency  versus  the  total  electric  drive  power  at  the  center 
frequency  is  shown  in  Figure  15.  It  is  seen  that  a total  electric  drive 
power  of  220  mw  is  required  to  diffract  50  percent  of  the  incident  light. 

The  corresponding  total  acoustic  power  is  estimated  to  be  at  most  15  mw  because 
the  best  conversion  efficiency  of  the  transducers  was  measured  to  be  -13  db. 
Based  on  the  aDove  performance  figures  the  bandwidth-diffraction  efficiency 
product  of  this  particular  device  is  substantially  larger  than  previous  devices. 

The  frequency  response  for  the  four-element  tilted  SAWs  device  is 
shown  in  Figure  16.  Clearly,  a -3db  resultant  bandwidth  of  358  MHz  has  been 
realized  in  this  unit.  Measurements  of  the  device  bandwidth  and  the  diffrac- 
tion efficiency  as  a function  of  the  diffraction  spread  of  the  incident  light 
beam  indicate  that  they  do  not  vary  more  than  a factor  of  two  for  the  range 
of  diffraction  spread  mentioned  previously.  Although  a detailed  measurement 
o'  the  diffraction  efficiency  versus  the  electric  drive  power  had  not  been 
made  for  this  unit  before  it  was  damaged  an  earlier  measurement  had  indicated 
that  the  electric  drive  power  required  was  two  to  three  times  larger  than 
that  of  the  unit  with  three-element  tilted  SAMs. 

D.  Effect  of  the  Phase  Shift  Between  Adjacent  Transducers  on  the 

Resultant  Frequency  Response 

As  mentioned  previously,  interference  between  adjacent  SAMs  becomes 
important  in  the  range  of  frequencies  at  which  both  adjacent  transducers  excite 
SAUs  efficiently.  This  interference  will  in  turn  affect  the  diffraction 
efficiency  and,  thus,  the  resultant  frequency  response.  Figure  17  illustrates 
this  interference  effect  in  the  frequency  band  around  210  MHz  and  310  MHz  for 
the  unit  with  three-element  transducers.  It  is  apparent  that  as  the  electric 
phase  shift  was  varied  from  -22  degrees  (Figure  17(a))  to  +177  degrees 

(Figure  17(b))  the  diffraction  efficiency  varied  by  a factor  of  -lldb. 
Similarly,  when  the  electric  phase  shift  was  varied  from  +84  degrees 

(Figure  17(a))  to  -121  degrees  (Figure  17(d))  the  diffraction  efficiencv 
varied  by  a factor  of  -14db.  It  is  to  be  noted  that  although  it  is  diffi- 
cult to  compare  the  theoretical  results  with  the  experimental  results  based 
on  the  absolute  phase  shift  (since  in  the  experiments  the.  phase  shift  was 


Fig.  15  Percentage  Diffracted  and  Undiffracted  Light  Power  vs  the  "otal 
Flectric  Drive  Power. 


Power  from  Four  Tilted  SAT?s 


BRAGG-DIFFRACTED  LIGHT  POWER 


riR.  17 


Effect  of  the  Electric  Ehase  Shift  between  Adjacent  Trans- 
ducers rn  the  Resultant  Frequency  F.esnonse  (Exnerinental) . 


implemented  electrically  while  in  the  analysis  the  phase  shift  is  assumed  to 
be  that  between  the  adjacent  SA'.'s)  , effect  of  the  phase  shift  as  predicted  in 
the  analysis  (Figure  8)  has  been  clearlv  demonstrated  in  the  experiments 
(Figure  17) . Figure  17  has  clearly  demonstrated  that  the  resultant  frequency 
response  of  the  devices  which  employ  multiple-tilted  SANs  can  be  made  flat 
by  inserting  appropriate  phase  shifters  between  adjacent  transducers.  Also, 
in  doing  so,  the  resultant  device  bandwidth  may  be  made  larger  than  the  sum 
of  the  individual  bandwidths. 

E.  Beam  Profile  and  Number  of  Resolvable  Spot  Diameters 

The  optical  waveguiding  layers  utilized  in  the  devices  being 
studies  support  the  lowest  order  TE  mode.  No  mode  conversion  between  the 
diffracted  and  undiffracted  light  beams  was  observed.  Figure  18(a)  shows 
the  undeflected  light  spot  (when  no  rf  power  was  applied  to  the  device)  and 
Figure  18(b)  shows  the  deflected  light  spots,  both  at  the  far-field,  for  the 
unit  with  three-element  transducers  as  the  frequency  of  the  driving  signal 
was  varied  from  155  to  410  MHz . The  aperture  of  the  incident  light  beam 
employed  is  approximately  0.1  cm.  It  is  observed  that  the  quality  of  the 
undeflected  light  beam  (rf  power  off)  is  preserved  in  the  deflected  light 
beam  and  that  deflected  light  beams  of  satisfactory  quality  are  achievable. 

In  beam  deflection  and  switching  applications  the  number  of 
resolvable  beam  diameters,  N,  is  given  by  the  following  relation: 

N = HH  Af  = TAf  (12) 

R 

where  D designates  the  aperture  of  the  light  bean,  V the  velocity  of  the 
SAW,  Af  the  device  bandwidth,  and  r the  transit  time  of  the  8AT''  across  the 
incident  light  beam  aperture.  (The  transit  time  may  be  practically  defined 
as  the  switching  time  of  the  device  if  the  time  response  of  the  transducer 
and  the  electric  drive  circuit  is  sufficiently  faster  than  the  transit  time.) 
Clearly,  for  a fixed  device  configuration  a large  N can  be  achieved  by  having 
a large  D and/or  a large  Af.  However,  a large  D necessarily  implies  a large 
transit  time  and,  therefore,  a slower  switching  speed.  In  addition,  as  a 
result  of  the  acoustic  attenuation  and/or  the  waveguide  imperfection,  a large 
I)  will  cause  some  degradation  in  the  beam  quality  of  the  deflected  light  and 
thus,  some  reduction  in  Ii.  Therefore,  it  is  norc  desirable  to  achieve  a 
large  N through  a large  Af  than  a large  D. 
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In  the  various  units  that  have  been  studied  the  maximum  D 

obtainable  was  approximately  0.6  cm  with  some  breakage  into  filaments  in 

the  middle  of  the  light  beam.  However,  a uniform  beam  of  approximately 

0.45  cm  is  achievable  with  the  unit  which  has  a 358  MHz  bandwidth.  Using 

5 

3.5  x 10  cm/sec  for  VR  we  predicted  from  Equation  (12)  that  the  incremental 
frequency  change  required  for  deflection  of  one  Rayleigh  spot  diameter  (N=  1) 
is  Sf  = 0.78  MHz.  The  measured  value  as  determined  from  the  plots  of  the 

deflected  light  beam  profiles  (figure  19)  along  the  direction  of  deflection, 
as  recorded  by  a fiber  optic  probe,  is  approximately  0.8  MHz.  This  close 
match  between  calculated  and  measured  values  indicates  that  the  quality  of 
the  deflected  light  beam  is  not  degraded  appreciably  by  the  diffraction  process, 
in  agreement  with  the  beam  quality  illustrated  in  Figure  18.  Since  the  total 
bandwidth  of  this  device,  Af,  is  358  MHz,  the  device  can  deflect  a light  beam 
of  0.45  cm  aperture  into  400  Rayleigh  spot  diameters  at  a random-access 
switching  time  of  1.28  ps. 

If  the  aperture  of  the  light  beam  is  enlarged  to  1 cm  the  light 
beam  can  be  deflected  by  the  same  device  into  1000  Rayleigh  spot  diameters 
at  a random-access  switching  time  of  2.8  ps.  Equivalently,  the  same  device 
is  capable  of  switching  a guided-light  beam  of  95  pm  aperture  into  10  beam 
positions  (channels)  at  a switching  time  of  27ns.  A 1-cm  aperture  should 
be  achievable  by  either  improving  the  surface  condition  of  both  the  prism 
couplers  and  the  LiNbO^  plat ; and/or  the  contact  between  them  or  by  using 
grating  couplers  (32).  Indeed,  a 1 cm  aperture  of  very  good  beam  quality 
was  obtained  by  us  by  carefully  adjusting  the  input  and  output  prisms  (see 
Figure  20) . 


Fip,.  19  Bean  Profile  of  the  Reflected  I.inht  at  Two  Acoustic  frequencies. 
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20  An  Output  Lieht  Oonn  of  1 cm  Aperture  After  Trnnnnisslon 
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VIII.  GUinnn-WAVE  acoijrto  optic  buaoc-d  i pppactioh  from  puarfd  surface  acoustic  waves 

A.  Introduction 

As  indicated  earlier  results  of  recent  experiments  involving  surface 
acoustic  wave  (RAW)  and  guided  optical  waves  in  Y-cut  LiMbO^  waveguides  have 
shown  that  very  efficient  interaction  can  he  obtained  bv  matching  the  acoustic 
wavelength  with  the  optical  waveguide  penetration  depth,  however,  the  simul- 
taneous achievement  of  both  very  high  diffraction  efficiency  and  very  wide 
device  bandwidth  using  a single  aperture  RAW  transducer  is  imoossible.  A 
device  configuration  involving  transducer  of  multiple  apertures  which  are 
staggered  in  their  center  frequencies  and  tilted  in  their  propagation  direc- 
tions, has  been  shown  capable  of  providing  very  wide  band-width  with  moderate 
diffraction  efficiency.  This  moderate  diffraction  efficiency  results  from 
the  fact  that  the  effective  acoustic  beam  aperture  available  for  interaction 
is  relatively  small  because  not  all  of  the  element  transducers  in  the  tilted 
array  transducer  are  excited  at  the  same  frequency  range. 

A higher  diffraction  efficiency  (using  the  same  electric  drive  power) 
together  with  a relatively  wide  device  bandwidth  should  be  achievable  bv  using 
a device  configuration  which  utilizes  phased  RAM's.  This  higher  efficiency 
is  obtained  because  in  this  configuration  all  element  transducers  are  excited 
simultaneously  and  the  resultant  acoustic  wavefront  is  scanned  to  track  the 
Bragg  condition  for  a wide  frequency  band.  Although  this  device  configuration 
has  been  suggested  (6,  10,  11),  little  progress  had  been  reported  until  most 
recently  (21,  34). In  this  section  we  report  the  design  considerations  and  the 
fabrication  and  evaluation  of  the  guidedwave  acousto-optic  Bragg  deflectors 
based  on  this  device  configuration.  Experimental  results  using  six-element 
phased  RAU’s  of  relatively  small  acoustic  aperture  (p  = 1)  and  first-order 
acoustic  beam  steering,  at  the  center  frequency  of  325  MHz,  in  Y-cut  LiWbO^ 
out-diffused  waveguides  have  shown  that  accurate  tracking  of  the  Bragg  condi- 
tion is  indeed  achievable  for  a frequency  band  of  more  than  250  ’Hz.  A 
frequency  band  of  approximately  160  MHz  was  shown  to  he  achievable  for  accurate 
tracking  of  the  Bragg  condition  even  though  the  acoustic  anerture  was  in- 
creased by  five  times  (P  = 5).  A device  bandwidth  of  112  Tillz  was  obtained 
with  the  resulting  deflector.  This  device  bandwidth  represents  a six-fold 
increase  over  that  of  the  deflector  using  a single  RAW  of  identical  aperture 
with  no  reduction  in  diffraction  efficiency.  Onlv  68  mW  of  electric  drive 
power  or  3.5  mW  of  acoustic  power  was  required  to  diffract  507,  of  the  light 
over  this  frequency  band.  Deflected  light  beam  of  verv  good  quality  was  also 
demonstrated . 
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B.  Design  Considerations 

Guided-wave  acousto-ontic  Bragg  diffraction  fron  phased  SAW  arrav 
can  be  treated  as  a special  case  of  the  unified  theory  which  concerns  inter- 
actions between  guided  optical  waves  and  multiple  SAW's  (35).  however,  for 
simplicity,  we  have  adonted  an  approximate  method  similar  to  that  adopted 
for  acousto-ontic  Rragg-dif fraction  from  a bulk  phased  acoustic  array  (36-39) 
to  determine  the  design  parameters  of  the  relating  phased  (stepped)  arrav 
transducer  and  also  to  analyze  steering  of  its  resultant  acoustic  beam.  Note 
that  only  the  approximate  bandwidth  of  the  related  A-0  Bragg  devices  can  be 
derived  using  this  simpler  method.  The  exact  dependence  of  the  diffracted 
light  intensity  as  a function  of  waveguide  modes  of  the  light  waves,  frequency 
and  propagation  direction  of  the  acoustic  waves  can  only  be  calculated 
numerically  using  a methodology  which  was  developed  in  connection  with  the 
aforementioned  unified  theorv  (aee  Section  VI) . 

We  shall  first  note  that  although  acousto-ontic  interactions  took 
place  in  the  near-field  of  the  resultant  acoustic  beam  in  the  experiments  to  be 
described  in  Section  C,  the  analysis  is  being  carried  out  in  terms  of  the 
far-field  of  the  resultant  acoustic  beam.  This  combined  treatment  is  valid 
because  the  angular  dependence  of  Bragg  diffraction  is  independent  of  the 
location  at  which  the  light  beam  intersects  the  acoustic  beam  (along  the 
direction  of  propagation)  (37,  40)  and  also  the  far-field  analysis  is  more 
convenient . 

The  relative  phase  difference  V between  the  wavefronts  of  adjacent 
elementary  SAUs  (at  the  far-field)  -which  are  generated  by  a stepped  arrav 
transducer  as  shown  in  Figure  21  is 

V = A + 2v(~)  + 2ir(4)sin0  (13) 

a ' A 

where  <j>  = electrical  phase  shift  between  adjacent  element  transducers 

h = step  height  between  adjacent  element  transducers  = t>(A  /2) 

o 

A,Aq  = acoustic  wavelengths  at  frequency  f and  center  freeuenev  f^, 

respectively 

P = integers 

d = separation  between  adjacent  element  transducers 

0 = angular  position  of  the  far-field  point  from  the  forward  direction. 

A 

Note  that  in  F.quation  (13)  the  small  angular  dependence  of  the  phase  velocity 
of  the  SAW  is  ignored. 


Forward 


Four- Element  Stepped  Array  Transducer 


FIG.  21  acoustooptic  bragg- diffraction  from  phased  acoustic  wave 


array 
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constructive interference  imong  all  elenentarv  acoustic  waves 
occurs  whenever  ¥ = 2irn  with  n = 0,  1,  ?. , ....  '’’he  n-th  max  inurn  of  the 

intensity  of  the  resultant  acoustic  wave,  or  the  so-called  n-th  gratin^ 
lobe,  is  located  at  the  following  angular  position: 

\n<f>  -T>y-7  } . " ■ U 2,  ...  <M> 

1 O' 

where  v is  the  phase  velocity  of  the  acoustic  wave.  For  ontinal  nerformance 

the  particular  grating  lobe  which  is  utilized  to  diffract  the  light  beam 

should  be.  located  at  the  forward  direction  at  the  center  acoustic  frequency 

f . Thus,  we  must  set  0 (f  ) = 0.  As  a result,  the  relationshin  between 
o An  o ’ 

<f>  and  P is  given  as  follows: 

P = 2n  - - (15) 

IT 

For  P even  (S  must  be  0 and  for  P odd  6 must  be  it.  'this  fixed  electrical 
phase  shift  between  adjacent  elenentarv  transducers  is  the  characteristic  of 
the  so-called  first-order  acoustic  bean  steering  (36-36) . by  substitutin'? 

Equation  (15)  into  F.quation  (14)  we  obtain  the  followint?  relation: 

\n<f>  - " <fd>  <7  - 7 > <lf’> 

O 

!Iote  that  Equation  (16)  differs  from  that  given  in  References  10  and  11  because 
the  former  concerns  the  scanning  of  the  acoustic  wavefront  while  the  latter 
concerns  the  scanning  of  the  acoustic  power  flow.  As  is  shown  in  the  experi- 
mental results  of  Section  C the  related  acousto-optic  Pray?  bandwidth  is 
determined  by  the  scanning  angle  of  the  acoustic  wavefront,  h’e  also  note  from 
Equation  (16)  that  the  peak  of  the  resultant  acoustic  bean  is  at  the  forward 
direction  at  the  center  freouenev,  nanclv,  0,  (f  ) = 0.  (Pee  Figure  22(a)) 
however,  as  the  acoustic  freouenev  is  varied  from  f b-'  + Af /?,  this  peak  is 
steered  from  0 to  + i Y { ) r (yT  )•  The  intensitv  of  this  peal;  is  reduced  as 
the  resultant  acoustic  bean  is  steered  and  the  rate  of  reduction  is  determined  by 
the  aperture  of  the  elementary  acoustic  beam  a.  Since  the  maximum  acoustic  scan 

•angle  possible  (defined  at  — 3dd  points  of  the  intensitv  is  (0.6  — - 1 , its  corres— 

a 

ponding  range  of  freouenev  variation,  Af  , is  eiven  as  follows: 

At  i 


Am  1 . 8 / d 


( £ ) °r  AfAm  = 


Rote  that  Af,  /f  is  inverse  1 v nronortional  to  P. 
An  o 


Fig.  22(a) (b)  tracking  of  the  bragg  angle  using  the  first-order 


ACOUSTIC  BEAM  STEERING  WITH  STEPPED  ( PHASED ) ARRAY 


A 


Figure  22(h)  shows  the  inverse  dependence  of  0,  on  the  acoustic 

Am 


frequency  together  with  the  linear  dependence  of  the  incident  Bragg  angle 
0R(f)  on  the  acoustic  frequency  required  for  maximum  diffraction  (39).  This 
Bragg  angle  is:  . 

Vf>  ■ c ^ 


c 5 20Bo  - et 


(18a) 

(18b) 


where  X is  the  wavelength  of  the  light  wave  in  the  medium;  0^  and  0 are, 

respectively,  the  incident  angle  of  the  light  beam  and  the  Bragg  angle  (both 

with  respect  to  the  acoustic  wavefront)  at  the  center  frequency.  For  best 

tracking  over  a wide  range  of  frequency  0_(f)  and  0.  (f)  must  intersect  at 

n Am 

one  or  two  frequencies  and  their  slopes  must  be  approximately  equal,  as 
illustrated  in  Figure  22(b).  The  second  requirement  results  in  the  following 
relation  for  the  elementary  transducer  separation,  d,  for  wideband  first- 
order  beam  steering: 


d " P (-t-> 


(19) 


With  regard  to  the  first  requirement,  by  adlusting  the  constant  C 

(i.e.,  the  incident  light  angle)  the  intersection  frequencies  f and  f _ are 

varied.  The  acousto-optic  Bragg  bandwidth  A fp  is  limited  by  the  tracking 

error,  A0  which  is  in  turn  a function  of  f,  and  f . Calculation  of 

error,  + 

Af_  versus  f and  f can  be  easily  made  using  the  numerical  methodology  pre- 

S3  — 

viously  referred  to  (35).  Accurate  tracking  of  the  Bragg  angle  will  prevail 

(14) 

so  long  as  this  error  is  smaller  than  the  beamwidth  of  the  acoustic  array 
of  N elements: 

K <0  - W£)l  <Td>  (20a) 

By  substituting  Equations  (16),  (18a),  and  (18b)  into  Equation  (20a) 
and  noting  that  the  constant  C is  just  the  Bragg  angle  at  the  center  frequency 
(0Ro  ^ Xf^/2v)  the  -3db  Bragg  tracking  bandwidth  Af^  mav  be  determined: 


Af„=2i/ii§_  , 

" 1 TIP  o 


(20b) 


In  the  experiments  to  be  described  in  Section  C accurate  tracking 
of  the  Bragg  condition  was  found  to  hold  over  a frequency  band  of  greater  than 
250  MHz  and  equal  to  160  MHz,  respectively,  for  the  two  deflector  designs  with 
P - 1 and  P = 5. 
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Clearly,  while  the  acoustic  can  angle  and  thus  tf . is  limited 

Art 

by  the  step  height  P alone,  the  Bragg  tracking  bandwidth  Af^  is  limited 
by  the  step  height,  P,  as  well  as  the  number  of  elementary  transducers  in 

for 

>'  p 

two  limiting  cases  are  given  as  follows: 

f 


the  array,  N,  The  overall  A-0  Bragg  bandwidth  as  a function  of  /N 


Af  overall  = ( — ‘ (— ) 

j>  _ a 


for  /V 


« 1.5  (f) 


Afp  overall 


2/1.8 

v NP 


for 


/M 
— >> 
P 


1.5 


) 


(20c) 

(20d) 


Numerical  calculation  is  required  for  the  cases  in  between. 

Our  earlier  study  (14)  has  shown  that  the  acousto-optic  Bragg 
bandwidth  of  guided-wave  deflectors  which  utilize  optical  waves  of  lowest 
order  mode  is  practically  identical  to  that  of  a bulk-tvpe  deflector  (37). 
Thus,  the  acousto-optic  Bragg  bandwidth  for  a device  which  employs  a single 
SAW  of  equivalent  aperture  Nd  is 


Af3  = 1.8  v2  _ 1.8  (21) 

f Xf  Nd  NP 

o o 

From  Equations  (20c)  and  (21) , we  see  that  the  overall  A-0  Bragg  bandwidth 

of  a guided-wave  deflector  whicli  employs  a light  beam  of  lowest-order  mode 

and  a phased  SAW  array  incorporating  first-order  beam  steering  can  be  nearly 

N times  larger  than  that  of  a deflector  employing  a single  SAW  of  identical 

1/2 

aperture,  provided  that  (N/P)  « 1,5  (a/d) . 

Finally,  the  ultimate  deflector  bandwidth  is  determined  by  both 

the  acoustic  bandwidth  and  the  overall  A-0  Bragg  bandwidth  and  is,  in  general, 

smaller  than  the  lesser  of  the  two  (14).  The  fractional  acoustic  bandwidth 

of  the  interdigital  finger  electrode  transducer  is  2qual  to  1/N  where  N 

e e 

designates  the  number  of  finger  electrode  pairs.  Thus,  from  Equation  (17) 
it  is  clear  that  the  deflector  can  be  made  acoustic  bandwidth-limited  by 
employing  the  phased  SAW  array  of  small  P together  with  first-order  beam 
steering.  However,  since  the  fractional  transducer  bandwidth  of  the  inter- 
digital finger  electrodes  SAW  transducer  employing  a simple  electrical  match- 
ing network  is  in  general  smaller  than  its  acoustic  bandwidth,  the  bandwidth 
of  guided-wave  A-0  Bragg  deflectors  can  be  further  limited  by  the  transducer 
bandwidth.  This  limitation  appears  to  hold  in  the  deflectors  described  in 
the  next  section. 
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C.  Experimental  Results 

Design  of  several  six-element  stepped  array  transducers  with  the 
center  frequency  of  325  MHz  and  the  finger  electrode  arrangement  as  shown  in 
Figure  23(b)  was  made  using  the  guidelines  established  in  the  last  section. 

The  array  transducers  were  fabricated  on  Y-cut  LiHbO^  out-diffused  waveguides 
using  the  standard  photolithographic  technique.  The  detailed  design  parameters 
of  the  array  transducer  as  well  as  the  relating  acoustic,  acousto-optic  and 
electrical  parameters  are  listed  in  Table  1.  Each  transducer  pair  (consisting 
of  two  adjacent  elementary  transducers  with  a common  bonding  pad)  was  tuned 
with  a single  inductor  and  the  three  pairs  were  electrically  driven  in  parallel 
using  a power  divider  (Figure  23(c)).  The  power  divider  split  equally  the  rf 
drive  power  from  the  signal  generator  and  drove  the  three  transducer  pairs. 

The  electrical  isolation  between  any  two  output  ports  was  measured  to  be  32  db 
for  the  frequency  range  of  200  to  500  MUz.  Total  insertion  loss  of  the  power 
divider  was  measured  to  be  -0.5  db.  The  optical  wave-guide  supported  a single 
TEq  mode  with  a penetration  depth  of  approximately  7 pm.  Two  directions  of 
SAW  propagation,  2-axis  and  + 21.8°  from  Z-axis,  were  utilized  in  this  study. 
Our  earlier  study  (14)  has  shown  that  for  the  combination  of  this  acoustic 
center  frequency  and  this  optical  wave-guide  penetration  depth  the  21.8° 
propagation  SAW  provides  more  efficient  Bragg  diffraction  than  the  Z-propaga- 
tion  SAW.  Consequently,  most  of  the  results  to  be  described  in  this  section 
are  for  the  devices  which  employ  21 . P^-propagation  SAW.  A rutile  prism  was 
used  to  couple  in  an  unguided  light  beam  from  a He-Ne  laser  at  0.6328  pm  and 
a second  rutile  prism  was  used  to  couple  out  both  the  Bragg  diffracted  and  the 
undiffracted  light  beams  (see  Figure  24) . 

The  incident  light  beam  intersected  the  resultant  SAT?  at  a distance 
of  approximately  2 mm  from  the  tip  of  the  transducer  array.  Thus  acousto- 
optic interactions  took  place  in  the  near-field  of  the  resultant  acoustic  beam 
because  the  Fresnel  distance  of  the  elementary  transducer  and  that  of  the 
array  transducer  are  both  considerably  larger  than  2 mm  (see  Table  1). 
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FIG,  24  GUIDED  - WAVE  ACOUSTOOPTIC  BRAGG-  D IFFRACTION  FROM  PHASED  (STEPPED 
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DESIGN  MID  MEASURED  PARAMKT ' RS  OF  THE  A-0  BRAGG  DEFLECTORS  USING 
PHASED  SAM  ARRAY 


P = 1 

P = 5 

Center  frequency  fQ 

325  TClz 

325  MHz 

Aperture  a 

0.373  mm 

1.74  ,, 

Separation  d 

0.464  mm 

1.03  mm 

Step  Height  h = PfA^/2) 

5.27  ym 

26.3  ym 

Fresnel  Distance  at  Center  Frequency 

2 

Single  Element  ^ a /A 

o 

1.3  cm 

28.7  cm 

Six-Element  Stepped  Arrav  % (4d+2a)"/A 

0 

64  cm 

1189  cm 

Acousto-optic  0 

37.7 

188.4 

Acoustic  Scanning  Bandwidth  Af. 

Am 

Single  Element  Aperture 

606  MHz 

130  MHz 

Six-Element  Plane  Array  Aperture 

82  MHz 

19  MHz 

Six-Element  Stepped  Array  Aperture 

728  HHz 

130  MHz 

Bragg  Tracking  Bandwidth  Af^ 

Six-Element  Stepped  Array  Aperture 

356  MHz 

160  MHz 

Number  of  Finger  Electrode  Pairs  !I 

e 

2.5 

2.0 

Capacitance  of  Each  Transducer  Pair 

1.7  pf 

6.4  pf 

Tuning  Inductance  for  Each  Transducer  Pair 

0.139  yh 

0.037  uh 

Total  Input  Impedance  of  Each  Transducer 

Pair  at  the  Center  Frequency 

63  n 

33  n 

Acoustic  BandwidthAf  % 1/M 

a e 

130  MHz 

162  MHz 

Electrical  Bandwidth  Based  on  the  Input  Impedanc 

;?00  MHz 

150  MHz 

Transducer  Bandwidth 

113  MHz 

120  MHz 

-K/i  - 
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1.  Rcain  Steering  Using  the  I irst  Orating  Lobe 

In  the  first  design  ^ f a six-element  stepped-array  transducer, 

P was  chosen  to  be  1,  thus  h = — — = 5,27  pn.  Since  an  electrical  phase 

shift  of  tt  radians  was  implemented  through  the  arrangement  of  the  finger 
electrodes  as  shown  in  Figure  23(b)  the  first  grating  lobe  (n  = 1)  was 
utilised  to  diffract  the  light  beam.  The  acousto-optic  angular  spectrum  of 
the  device  was  measured  using  a method  similar  to  that  employed  for  bulk 
devices  (AO)  and  the  calculated  values  were  generated  using  the  numerical 
methodology  previously  referred  to  (35) . The  angular  spectrum  was  obtained 
by  rocking  the  deflector  around  the  Bragg  angle  to  vary  the  incident  light 
angle  and  recording  the  diffracted  light  intensity.  Detailed  experimental 
set-up  is  shown  in  Figure  25  and  Figure  26(a)  shows  the  measured  and  the 
calculated  angular  spectra.  A good  agreement  between  the  calculated  valuas 
and  the  measured  results  was  obtained.  Tracking  of  the  Bragg  condition  which 
resulted  from  the  first-order  acoustic  beam  steering  was  then  studied  by 
measuring  the  rate  of  the  acoustic  scan  angle  as  a function  of  the  acoustic 
frequency.  This  measurement  was  accomplished  by  taking  a set  of  acousto- 
optic angular  spectra  corresponding  to  a series  of  acoustic  frequency  and 
by  determining,  from  these  curves,  the  corresponding  incident  angle  of  the 
light  beam  at  which  the  peak  of  the  diffracted  light  occurred.  A constant 
incident  angle  for  a range  of  frequency  variation  Af  implies  that  a perfect 
tracking  of  the  Bragg  condition  is  maintained  for  the  same  frequency  range. 

The  rate  of  acoustic  beam  steering  was  deduced  from  this  data  and  is  plotted 
in  Figure  26(b).  From  this  figure,  accurate  tracking  of  the  Bragg  condition 
is  seen  to  hold  at  least  for  a frequency  range  of  from  200  MHz  to  450  *!Hz 
as  the  acoustic  beam  exhibits  the  1/f  dependence  on  frequency  in  accordance 
with  the  prediction  of  Hquation  (16).  Since  both  the  calculated  curves  of 
Figure  26(a)  and  the  relation  given  in  Hquation  (16)  are  based  on  the  phase 
velocity  of  the  SAW,  we  conclude  that  both  the  angular  spectrum  of  the  RAW 
and  the  rate  of  acoustic  beam  steering  relevant  to  the  guided-wave  acousto- 
optic Bragg  diffraction  are  determined  bv  the  acoustic  wavefront  instead  of 
the  acoustic  power  flow.  Thev  are,  therefore,  not  increased  by  a factor 
(1  + y)  aa  is  the  case  for  acoustic  power  flow  (41).  Note  that  y designates 
the  anisotropy  factor  for  the  RAW  on  V-cut  I,iNbO_  substrate  and  is  n.3B3  and 
-0.D01  for  the  21.8°-propagation  and  the  ^-propagation  BANs,  respectively. 
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FIG,  25  BLOCK  DIAGRAM  FOR  THE  MEASUREMENT  OF  THE  BRAGG  ~ DIFFRACTED 
LIGHT  POWER  AS  A FUNCTION  OF  THE  INCIDENT  LIGHT  ANGLE 
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FIG,  26  Ca)  BRAGG- DIFFRACTED  LIGHT  POWER  AS  A FUNCTION  OF  THE  INCIDENT 
ANGLE  OF  THE  GUIDED-  LIGHT  BEAM 
C b)  TRACKING  OF  THE  BRAGG  ANGLE  USING  FIRST-ORDER  ACOUSTIC 
BEAM  STEERING  FROM  A STEPPED  SAW  ARRAY  ( P=  / ) 
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Measurements  with  the  devices  which  employ  the  ^-propagation  SAM  also 
result  in  the  same  conclusion.  Although  accurate  Bragg  tracking  was  shown 
to  hold  for  a frequency  range  of  more  than  250  MHz,  the  device  bandwidth 
was  measured  to  be  only  110  MHz.  This  measured  device  bandwidth  is  consider- 
ably smaller  than  the  calculated  Bragg  bandwidth  of  356  MHz.  It  was  limited 
by  both  the  acoustic  and  the  electrical  bandwidth  of  the  transducer.  This 
limitation  is  in  agreement  with  the  discussion  given  at  the  end  of  Section  B 

because  the  theoretical  acoustic  bandwidth  of  the  transducer  (N  = 2.5)  was 

e 

only  approximately  130  MHz  and  was  further  reduced  by  the  simple  electrical 
matching  network  employed.  A wider  device  bandwidth  could  be  obtained  by 
increasing  both  the  acoustic  bandwidth  and  the  electrical  bandwidth  of  the 
transducer.  Finally,  the  total  electric  drive  power  for  50%  diffraction 
efficiency  was  measured  to  be  315  mV  at  the  acoustic  center  frequency  (325  MHz) . 
2.  Beam  Steering  Using  the  Third  Grating  Lobe 

In  order  to  utilize  a wider  acoustic  beam  aperture  so  that  a 
higher  diffraction  efficiency  per  mV  of  electric  drive  power  can  be  obtained, 
either  a larger  P and/or  a larger  H must  be  employed.  We  chose  to  employ  a 
larger  P but  the  same  N,  namely,  six  in  the  second  design  because  of  the 
associated  simplicity  in  fabrication  and  rf  excitation.  P was  chosen  to  be 
5 and  a <j>  of  ir  radians  was  again  implemented  using  the  same  electrode  layout 
as  in  the  first  design.  Accordingly,  the  third  grating  lobe  (n  = 3)  of  the 
acoustic  beam  was  responsible  for  the  light  beam  deflection.  From  the  analysis 
of  Section  B,  it  should  be  clear  that  the  third  grating  lobe  points  in  the 
forward  direction  (0^  = 0)  at  the  center  frequency  providing  the  most  intense 
acoustic  beam  (main  lobe)  for  acousto-optic  interactions.  The  detailed  design 
parameters  of  the  array  transducer  and  the  relating  acoustic  and  acousto-optic 
parameters  are  listed  in  Table  1.  Note  that  the  aperture  of  the  elementary 
transducer  was  enlarged  by  a factor  of  4.7.  In  order  to  studv  the  effect  of 
acoustic  beam  steering  upon  the  frequency  response  of  the  Bragg  diffraction, 
a plane  (unstepped)  array  transducer  with  the  same  aperture  dimensions  as  the 
stepped  array  transducer  was  also  fabricated  on  the  same  LiNbO^  substrate 
(Figure  23(a)).  No  beam  steering  would  be  possible  on  the  resultant  acoustic 
beam  generated  by  this  plane  array  transducer. 
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The  acousto-optic  angular  spectrum  was  first  measured  to  determine 


the  optimal  incident  angle  of  the  light  beam  for  accurate  beam  steering. 

Figure  27(a)  shows  the  measured  and  calculated  angular  spectra.  The  measured 
acoustic  beamwidth  is  1.0  milliradian  as  compared  to  a calculated  value  of 
0.94  milliradian.  From  the  plot  on  the  rate  of  acoustic  beam  steering  versus 
frequency  shown  in  Figure  27  (b) , accurate  tracking  of  the  Bragg  condition  is 
seen  to  extend  from  265  Jfllz  to  425  Jfllz,  indicating  a Bragg  tracking  bandwidth 

f 

of  160  MHz.  Figure  28  shows  the  frequency  responses  of  the  Bragg  diffraction 
from  an  elementary  SAM  as  well  as  those  from  the  six-element  phased  and  plane 
arrays.  It  should  be  noted  that  in  the  measurement  of  the  Bragg  tracking  band- 
width, the  finite  acoustic  scanning  bandwidth  of  the  elementarv  SAM  was  ignored. 

From  Figure  28(b)  the  measured  -3dh  bandwidth  for  the  elementary  SAM  is  103  MHz, 
as  compared  to  a calculated  bandwidth  of  95  MHz.  It  is  to  be  noted  that  a 40% 
acoustic  bandwidth  was  assumed  for  the  calculated  curve.  From  Figure  28(a) 
the  bandwidths  for  the  phased  and  the  plane  SAM  arrays  are,  respectively, 

112  MHz  and  21  MHz  which  compare  well  with  the  calculated  bandwidths  of  110 
MHz  and  19  MHz.  The  nulls  of  the  frequency  response  for  the  plane  arrav  were 
not  well  resolved  because  of  the  small  light  beam  width  used.  Clearlv,  a 
nearly  six-fold  improvement  in  the  device  bandwidth  with  no  sacrifice  in  the 
diffraction  efficiency  has  been  achieved  bv  incorporating  the  first-order 
acoustic  beam  steering.  As  in  the  device  employing  the  first  grating  lobe  this 
measured  device  bandwidth  is  smaller  than  the  acoustic  scanning  bandwidth 
(130  MHz)  because  of  the  limitations  set  bv  the  acoustic  and  the  electrical 
bandwidths  of  the  transducer.  Diffraction  efficiencv  versus  the  total  electric 
drive  power  at  the  center  frequency  (325  MHz)  was  also  measured  and  is  shown 
in  Figure  29.  A total  electric  drive  power  of  only  68  mV  was  required  to 

diffract  50%  of  the  incident  light.  Since  the  one-wav  transducer  conversion 

■ 

loss  was  measured  to  be  -13db,  onlv  3.5  mV  acoustic  power  was  required  in 
achieving  this  diffraction  efficiencv.  The  average  one-way  transducer  conver- 
sion loss  was  determined  by  measuring  the  through-put  conversion  loss  of  two 
transducers  fabricated  back  to  back  at  a separation  of  1 cm  on  the  same  I.iNbO^ 
substrate.  To  further  reduce  the  electric  drive  power  an  arrav  transducer 
with  better  conversion  efficiencv  would  have  to  be  employed.  Figure  30(a) 
shows  the  undeflected  light  snot  (when  no  rf  power  was  applied  to  the  device) 
and  Figure  39(b)  shows  the  undeflected  light  spot  with  rf  power  both  at  the 
far  field.  The  deflected  light  spot  at  the  far-field  is  shown  in  Figure  30(c). 
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FIG.  27  ( a)  BRAGG-  DIFFRACTED  LIGHT  POWER  AS  A FUNCTION  OF  THE  INCIDENT 
ANGLE  OF  THE  GU I DED-  LIGHT  BEAM 
( b ) TRACKING  OF  THE  BRAGG  ANGLE  USING  FIRST-ORDER  ACOUSTIC 
BEAM  STEERING  FROM  4 STEPPED  SAW  ARRAY  ( P = 5) 
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FIG.  28  (a)  FREQUENCY  RESPONSES  OF  THE  BRAGG-  DIFFRACTED  LIGHT  POWER  FROM 
A STEPPED  SAW  ARRAY  AND  FROM  ITS  CORRESPONDING  PLANE  ARRAY 
( t>)  FREQUENCY  RESPONSE  OF  THE  BRAGG  DIFFRACTED  LIGHT  POWER  FROM 
A SINGLE  ELEMENT  SAW  OF  THE  STEPPED  ARRAY  IN  (a')  t 
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FIG.  30  FAR- FIELD  UNDEFLECTED  AND  DEFLECTED  LIGHT  SPOTS  USING  PHASED 
SAW  ARRAY 
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The  quality  of  the  undeflected  light  beam  (rf  power  off)  was  preserved  in  the 
deflected  light  beam  and  deflected  light  beams  of  very  good  quality  were  achieved, 
Also,  no  mode  conversion  between  the  deflected  and  the  undeflected  light  beams 
was  observed. 

T).  Concluding  Remarks 

The  results  of  theoretical  and  experimental  studies  have  shown 
that  guided-wave  acousto-optic  Bragg  deflectors  of  very  high  diffraction  effi- 
ciency and  moderate  bandwidth  can  be  realized  bv  employing  phased  SAW's  of 
37.5  MHz  center  frequency  and  first-order  beam  steering  in  Y-cut  LifTbO^  out- 
diffused  waveguides.  As  indicated  at  the  outset  of  Section  C,  the  optical 
waveguide  employed  in  the  experimental  study  had  a penetration  depth  of  approxi- 
mately 7 pm.  However,  our  theoretical  study  (14)  shows  that  even  higher 
diffraction  efficiency  and  wider  Bragg  bandwidth  would  result  if  the  penetration 
depth  of  the  LiNbO^  optical  waveguide  is  smaller  than  7 pm.  Thus,  assuming  that 
the  bandwidth  of  the  transducer  is  greatly  increased  by  incorporating  a suitable 
matching  network  further  improvement  in  the  performance  figures  should  be 
achievable  by  employing  an  optical  waveguide  of  smaller  penetration  depth.  This 
type  of  waveguide  can  be  fabricated  by  sputtering  (47)  , epitaxy  (43)  and  in- 
diffusion (44).  In  addition,  as  suggested  in  Reference  (45)  and  partially 
demonstrated  in  Reference  (34),  very  large  bandwidth  and  very  high  diffraction 
efficiency  can  be  realized  by  employing  a combination  of  tilted-  and  phased- 
SAN's.  Another  approach  to  achieve  the  same  purpose  would  be  to  employ  the 
phased  RAW's  which  incorporate  second-order  beam  steering  (38). 

Due  to  the  planar  structure  of  such  guided-wave  deflectors. 


design  and  fabrication  of  the  related  stepped  array  transducer  are  much  more 
flexible  and  simpler  than  their  bulk-type  counterparts.  This  fact  is  particu- 
larly true  at  the  higher  frequency  range  in  which  fabrication  of  the  bulk  type 
stepped  array  transducer  becomes  difficult  (30).  While  means  for  wideband 
matching  of  interdigital  transducer  are  available,  a large  fractional  trans- 

\ 

ducer  bandwidth  is  in  general  more  difficult  to  obtain  with  the  SAW  transducers 
than  with  the  thin-film  piezoelectric  transducers  employed  in  the  bulk-type 
deflectors. 

The  high-performance  guided-wave  A-0  Bragg  deflectors  described  in 
this  section  may  be  used  in  a number  of  applications  including  processing 
(convolution,  correlation,  etc.)  of  wideband  rf  signals,  high-speed  optical 
pulse  modulation,  acousto-optical  spectrum  analysis  of  very  x^ideband  rf  signals, 
high  speed  multiport  beam  switching  and  deflection  for  fiber/integrated  optic 
systems.  These  applications  have  been  demonstrated  experimentally  and  some  of 
the  results  are  described  in  the  following  section. 
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VIV.  ’'inKTlAND  APPLICATIONS  USING  GUIDEn-NAVE  ACOUSTO-OPTIC  ERAGG  DEVICES 

The  results  of  theoretical  and  experimental  studie.s  have  shown 

that  guided-wave  acousto-optic  P.ragg  devices  of  large  diffraction  efficiency- 

bandwidth  product  can  be  realized  by  employing  either  tilted  SANs  or  phased 

SANs.  Specifically,  a very  wide  device  bandwidth  (on  the  order  of  360  MHz) 

and  moderate  diffraction  efficiency  is  achievable  for  devices  utilizing  tilted 

SANs.  Also,  a moderate  device  bandwidth  (on  the  order  of  110  ’fUz)  ami  very 

high  diffraction  efficiency  has  been  demonstrated  in  a device  utilizing  phased 

SAWs.  The  ultimate  device  bandwidth  is  limited  by  the  acoustic  bandwidth  of 

the  interdigital  transducer.  RF  drive  power  requirements,  device  bandwidth, 

and  random-access  switching  time  of  these  two  types  of  devices  are  superior  to 

those  of  existing  acousto-optic  devices.  It  should  be  possible  to  achieve 

even  better  performance  figures  when  a sten-index  waveguide  of  smaller  optical 

confinement  is  used  instead  of  a gradient-index  waveguide  such  as  the  out- 

diffused  waveguides  employed  in  this  study.  A waveguide  structure  which 

consists  of  a thin  step-index  layer  of  As?S^  (or  other  acousto-optic  material 
of  larger  figure  of  merit)  deposited  on  a'LlNbO^  substrate  can  also  provide 

better  performance  figures  than  those  provided  bv  LiNbO^  out-diffused  wave- 
guides. In  addition,  it  is  clear  that  by  employing  a combination  of  tilted 
and  phased-RAV  devices,  verv  large  bandwidth  and  verv  high  diffraction  effi- 
ciencv  can  be  realized. 

The  development  of  the  wideband  technique  presented  in  this  report 
has  made  it  possible  to  design  and  fabricate  very  wideband  guided-wave  acousto- 
optic Bragg-devices  and  has,  thus,  paved  the  tray  for  a number  of  potential 
applications  using  such  devices.  Possible  wideband  applications,  similar  to 
those  common  to  bulk-type  acousto-optic  devices,  include  processing  (convolu- 
tion, correlation,  etc.)  of  wideband  rf  signals,  high-speed  optical  pulse 
modulation,  acousto-optic  spectrum  analysis  of  verv  wideband  rf  signals,  high- 
speed multiport  beam  switching  and  deflection  for  fiber/integrated  optic 
svstems.  Uidehand  anplications  which  have  been  experimentally  demonstrated  ' 
include  high-speed  multiport  beam  deflection/switching  for  future  integrated/ 
fiber  optic  svstems,  acousto-optic  spectrum  analysis  of  verv  wideband  rf  signals, 
processing  (convolution,  correlation,  etc.)  of  wideband  rf  signals,  high-speed 
optical  pulse  modulation,  and  optical  time-multinlexing/demultiplexing.  Only 

the  measured  performance  fig.ures  of  the  first  four  will  be  described  here. 
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(1)  High-Speed  Multiport  Roam  T)ef  lection/Switching: 

The  number  of  resolvable  beam  diameters  actually  obtained 
is  400  with  the  deflector  which  has  35C  W.z  bandwidth  and  using  a light 
beam  aperture  of  4 mm.  This  measured  value  is  in  Rood  agreement  with  the 
calculated  value  based  on  M *»  tAf.  The  corresponding  random-access  switching 
time  is  1.24  ps.  Figure  18  shows  the  deflected  light  spots  as  the  acoustic 
frequency  was  varied.  Figure  20  shows  an  output  light  beam  of  1 cm  aperture. 

The  quality  of  the  light  beam  was  verv  good.  Thus,  the  deflector  with  358 
MHz  bandwidth  should  be  able  to  deflect  this  light  beam  aperture  into  1000 
resolvable  beam  diameters  at  a random-access  switching  time  of  2.8  ps. 
Equivalently,  this  same  device  is  capable  of  switching  a guided  light  beam  of 
95  p aperture  into  10  beam  positions  (channels)  at  a switching  time  of  27  ns. 
Consequently,  noncollinear  coplanar  guided-wave  acousto-optic  Bragg  diffraction 
constitutes  the  most  promising  scheme  for  olanar  multiport  beam  switching/ 
deflection  for  future  fiber/integrated  optic  systems  at  medium  speed.  For 
ultrahigh  speed  deflection/switching  applications,  guided-wave  electro-optic 
devices,  in  particular  those  utilizing  simple  tilted  electrodes  (28,  29), 
may  be  employed. 

(2)  Spectrum  Analysis  of  verv  Wideband  rf  Signals: 

When  a spectrum  of  electro-magnetic  signals  are  applied  to  the 
transducer,  each  spectral  component  generates  an  acoustic  wave  which  deflects 
the  incident  light  beam  in  a corresponding  direction.  Thus,  by  measuring  the 
positions  and  intensities  of  the  deflected  light  spots  the  frequency  and 
strength  of  each  spectral  component  may  be  determined.  Again,  using  the  basic 
formula  N = tAf  and  a Af  of  358  MHz,  we  see  that  a guided  light  beam  of  0.45 
cm  aperture  is  capable  of  processing  400  channels  at  a frequency  resolution, 

6f,  of  0,78  MHz.  Two  rf  signals  of  varying  frequency  separation  were  applied 
to  the  deflector  referred  to  above  and  the  beam  profiles  of  the  deflected 
light  beams  were  measured  with  a fiber  optic  probe.  The  plots  (Figure  19) 
clearly  show  that  a frequency  resolution  of  approximately  0.8  MHz  was  achieved 
experimentally.  This  frequency  resolution  can  be  reduced  to  0.34  MHz  to  achieve 
1000  channels  when  the  light  beam  aperture  is  enlarged  to  1.0  cm.  Advantages 
of  this  guided-wave  acousto-optic  spectrum  analyzer  (7,  45)  over  its  bulk 
counter  part  (46)  are  reduced  drive  power  requirement,  reduced  device  size, 
reduced  weight,  and  less  critical  with  isolation  and  alignment  problem. 
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In  spectrum  analysis  application,  inter-modulation  and  cross- 
modulation between  different  frequency  components  (channels)  are  among  the 
important  parameters.  We  have  recently  carried  out  a preliminary  measure- 
ment using  two  independent  rf  signals  of  various  frequency  separation  and 
power  level  to  determine  the  strengths  of  such  undesirable  modulations  with 
the  guided-wave  A-0  deflectors  referred  to  above.  The  corresponding 
deflected  light  spots  for  two  rf  signals  centering  at  250  and  270  MHz  are 
shown  in  Figure  31.  Measurements  have  also  shown  that  even  for  the  worst 
case  of  43%  diffraction,  the  strongest  inter-modulation  was  -38db  down 
from  the  diffracted  light  power.  For  the  practical  cases  the  diffraction 
efficiency  would  be  much  lower  than  43%  and  the  corresponding  inter-  and 
cross-modulation  would  also  be  much  lower  than  -38  db  down. 

(3)  Processing  of  Wideband  rf  Signals: 

Real-time  convolution  of  pulse-modulated  rf  signals  has  been 
demonstrated.  Two  end-to-end  identical  tilted  array  transducers  were  deposited 
on  the  top  of  the  LiNbO,  waveguide  (Figure  32) . One  pulse-modulated  rf  signal 
(say,  the  reference  signal)  was  applied  to  one  array  transducer  to  generate  a 
SAW  propagating  in  one  direction  and  the  other  pulse-modulated  rf  signal  (the 
signal  to  be  processed)  was  applied  to  the  other  array  transducer  to  generate 
a second  SAW  propagating  in  the  opposite  direction.  The  two  Rragg-dif f racted 
light  beams  are  frequency  shifted  and  overlap,  and  thus  can  be  collected  by 
a lens  and  then  mixed  in  a photodetector.  It  can  be  easily  shown  that  the 
electrical  output  from  the  photodetector  contains  a component  which  is  a 
convolution  of  the  two  rf  pulses.  This  convolution  signal  has  a carrier 
frequency  equal  to  the  sum  of  the  two  acoustic  frequencies  and  can  be  further 
processed  and  then  displaced  on  an  oscilloscope.  Typical  waveforms  of  the 
convolution  for  single-pulse  and  double-nulse  rf  signals  are  shown  in  Figure 
33.  A time-bandwidth  product  of  305  with  107  MHz  bandwidth  and  a dynamic 
range  of  50  db  have  been  demonstrated  with  the  convolver  described  above. 

Since  it  is  possible  to  achieve  a very  large  bandwidth  using  the  tilted  SA,Js 
it  should  be  possible  to  achieve  a time-bandwidth  product  much  largef  than 
305. 

(4)  High  Speed  Optical  Pulse  Modulation: 

A rise-  and  decay-time  of  approximately  10  ns  (Figure  34) 
has  been  achieved  with  a device  of  100  MHz  bandwidth.  The  experimental  set- 
up for  this  study  is  shown  in  Figure  35.  A faster  modulation  speed  should 
be  achievable  using  the  unit  with  larger  bandwidth. 
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FIG,  31 

Spectrum  Analysis  of  RF  Signals  Using  Guided  - Wave  Acousto  - Optic  Bragg  - Diffrac  tio  n : 

( a)  Measurement  of  Inter  - Modulation  between  Two  Frequency  Components  f^  and  f^ 

(b)  Deflected  Light  Spots  from  Two  Frequency  Components  of  Various  Frequency  Separation 


'Vd?.' 


- 101  - 


l 


FIG.  34  TIME-RESPONSE  OF  A GUIDED-WAVE 
ACOUSTOOPTIC  PULSE  MODULATOR : 

(A)  PlJLSE-'bDULATED  P.F  WAVEFORM 

(B)  PuLSE-ItoDUIJ\TED  DIFFRACTED  LlGHT 

Waveform 

(Horizontal  Scale:  20  ns  per  Major  Division) 
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X.  CONCLUSIONS  AND  RECOMMENDATIONS 

In  conclusion,  guided-wave  A-0  deflector  of  large  bandwidth-diffraction 
efficiency  product  can  be  realized  by  employing  either  tilted  SANs  or  phased 
SAWs  in  Y-cut  LiMbO^  waveguides.  Overall  performance  characteristics  includ- 
ing rf  drive  power  requirements,  device  bandwidth,  and  random-access  switching 
time,  etc.,  have  exceeded  those  of  existing  A-0  deflectors.  Relevant  parame- 
ters as  well  as  important  considerations  for  the  design  of  such  wideband  de- 
vices have  been  established.  It  should  be  possible  to  achieve  even  better  per- 
formance figures  by  employing  a combination  of  tilted  and  phased  SAWs  and/or 
using  an  optical  waveguide  of  smaller  confinement  and  SAWs  of  higher  center 
frequency.  Other  potentially  useful  materials  are  As^^,  OaAs,  Si,  Tl^AsS^ 
and  TeOj.  Although  opaque  at  visible  wavelength,  GaAs  and  Si  possess  the  po- 
tential for  integrating  the  A-0  device  with  photodetectors  and  other  electrical 
components  for  signal  processing.  To  the  best  of  our  knowledge  little  work 
has  been  done  on  the  last  two  materials  in  thin-film  form.  These  two  materials 
and  AsjSj  possess  much  larger  acousto-optic  figure  of  merit.  The  development 
of  the  wideband  technique  presented  in  this  report  has  made  it  possible  to 
design  and  fabricate  very  wideband  guided-wave  acousto-optic  Rragg-devices  and 
has,  thus,  paved  the  way  for  a number  of  potential  applications  using  such 
devices.  Thus  a further  study  of  the  wideband  technique  with  emphasis  on  operat- 
ing frequency,  waveguide-material  combination  and  a more  detailed  investigation 
on  the  wideband  applications  are  recommended. 
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